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1.6 Les outils d'analyse de liaisons
de fonctions qu'il faut alors prendre en compte rallongeant énormément les temps de calcul. Dans
la pratique, les électrons de coeur sont très liés au noyau et ne sont que très légèrement affectés par
l'environnement moléculaire tandis que les électrons de valence vont déterminer les propriétés chimiques
de la molécule. Il serait intéressant de pouvoir négliger ces électrons de coeur ou au moins les décrire
moins précisément que les électrons de valence. Une théorie fut introduite en physique du solide dès
1935. Elle propose l'utilisation de pseudopotentiels [32] en vue de simuler la présence des électrons de
coeur tout en conservant inchangées les propriétés des électrons de valence. Ce n'est que à partir des
années 1970 que les pseudopotentiels commenceront à être utilisés dans le monde de la chimie quantique
et donc le développement s'intensifiera, avec les travaux d'Hamaman [33], Durand et Barthelat [34] ou
de Ermler et Pitzer [35,36] par exemple. Dans cette approche, les orbitales de coeur ne sont plus décrites
individuellement mais globalement, via l'utilisation d'un potentiel. Ce potentiel doit mimer les effets
de l'interaction coulombienne sur les niveaux de valence.
Fig. 1.3: Représentation schématique des fonctions d'ondes tous électrons et pseudopotentiels, rc : rayon
de coupure
Nous n'allons pas rentrer dans les détails mais juste rappeler certaines caractéristiques des pseu-
dopotentiels. Ils sont locaux par définition, donc aisés à utiliser. Ils dépendent de la composante l
et à l'extérieur de la région de coeur (donc au delà d'un certain rayon de coupure (rc)), la fonction
d'onde des électrons de valence et la pseudo fonction doivent être aussi proches que possible, comme le
montre la figure 1.3. Il faut savoir qu'il existe plusieurs façons de construire des pseudopotentiels mais
par construction, un pseudopotentiel doit être additif : d'une part, il est obtenu à partir des calculs
atomiques, et d'autre part, le potentiel effectif total doit être la somme des pseudopotentiels lorsque
plusieurs atomes sont en présence. Il doit également être transférable, c'est-à-dire qu'on doit pouvoir
utiliser le même pseudopotentiel dans des environnements chimiques différents.
1.6 Les outils d'analyse de liaisons
Dans le modèle proposé par Lewis [37], une liaison covalente entre deux atomes A et B correspond à
la mise en commun de deux électrons de valence. Selon ce modèle, dans le cas d'une molécule possédant
un nombre pair d'électrons de valence, ceux-ci peuvent être répartis en paires libres localisées sur les
atomes et en liaisons interatomiques : c'est le schéma de Lewis de la molécule. Cependant l'interaction
entre les atomes ne peut pas exclusivement être interprétée en terme de liaison covalente. Plusieurs
23
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Transition metal hydrides are of great interest in chemistry because of their reactivity and their
potential use as catalysts for hydrogenation. Among other available techniques, structural properties in
transition metal (TM) complexes are often probed by NMR spectroscopy. In this paper we will show
that it is possible to establish a viable methodological strategy in the context of density functional
theory, that allows the determination of 1H NMR chemical shifts of hydride ligands attached to
transition metal atoms in mononuclear systems and clusters with good accuracy with respect to
experiment. 13C chemical shifts have also been considered in some cases. We have studied mononuclear
ruthenium complexes such as Ru(L)(H)(dppm)2 with L = H or Cl, cationic complex
[Ru(H)(H2O)(dppm)2]+ and Ru(H)2(dppm)(PPh3)2, in which hydride ligands are characterized by a
negative 1H NMR chemical shift. For these complexes all calculations are in relatively good agreement
compared to experimental data with errors not exceeding 20% except for the hydrogen atom in
Ru(H)2(dppm)(PPh3)2. For this last complex, the relative error increases to 30%, probably owing to the
necessity to take into account dynamical effects of phenyl groups. Carbonyl ligands are often
encountered in coordination chemistry. Specific issues arise when calculating 1H or 13C NMR chemical
shifts in TM carbonyl complexes. Indeed, while errors of 10 to 20% with respect to experiment are often
considered good in the framework of density functional theory, this difference in the case of
mononuclear carbonyl complexes culminates to 80%: results obtained with all-electron calculations are
overall in very satisfactory agreement with experiment, the error in this case does not exceed 11%
contrary to effective core potentials (ECPs) calculations which yield errors always larger than 20%. We
conclude that for carbonyl groups the use of ECPs is not recommended, although their use could save
time for very large systems, for instance in cluster chemistry. The reliance of NMR chemical shielding
on dynamical effects, such as intramolecular rearrangements or trigonal twists, is also examined for
H2Fe(CO)4, K+[HFe(CO)]−, HMn(CO)5 and HRe(CO)5. The accuracy of the theory is also examined
for complexes with two dihydrogen ligands (Tp*RuH(H2)2 and [FeH(H2)(DMPE)2]+) and a ruthenium
cluster, [H3Ru4(C6H6)4(CO)]+. It is shown that for all complexes studied in this work, the effect of the
ligands on the chemical shielding of hydrogen coordinated to metal is suitably calculated, thus yielding
a very good correlation between experimental chemical shifts and theoretical chemical shielding.
1 Introduction
Transition metal (TM) hydrides are involved in a wide variety of
reactions useful in chemistry. They are in particular important
catalysts for hydrogenation. In that specific context, nuclear
magnetic resonance (NMR) spectroscopy is a very useful tool
for obtaining information about structure and dynamics. The use
of variable-temperature NMR spectroscopy has helped elucidate
many interesting dynamic processes in TM complexes1 or in TM
clusters.2 NMR spectroscopy is also a probe of the effect of
the surroundings on the chemical bonding of atoms. Studies of
nanoparticles (NPs) produced by organometallic synthesis also
take advantage of this technique: the mode of coordination and
the strength of bonding of ancillary ligands on the surface ofmetal
Universite´ de Toulouse; INSA, UPS, CNRS; LPCNO, 135 avenue de
Rangueil, F-31077, Toulouse, France. E-mail: franck.jolibois@univ-tlse3.fr;
Fax: +33 561559697
† Electronic supplementary information (ESI) available: Theoretical data,
cartesian coordinates of optimized structures. SeeDOI: 10.1039/b802190b
colloids has been studied by 13C NMR,3 whereas solid-state 2H
NMR spectroscopy has shown evidence for the presence of mobile
surface hydrides on ruthenium nanoparticles.4 During this study,
the chemical shift for hydrides linked to ruthenium nanoparticles
(1.6 ppm, see ESI of ref. 4) was found to be somewhat different
from that found for hydride ligands on molecular complexes
(generally negative). While this work provides the first detection
of reactive hydrides attached to a metal nanoparticle, it was not
able to determine the type of bonding between the hydride and Ru
metal atoms. Due to methodological improvements as well as the
constant growth of computational capabilities, quantum chemists
are favored partners for construing experimental observations.
Over the last few years, quantum chemistry approaches to NMR
spectroscopy have become sufficiently developed to allow the
theoretical determination of chemical shielding in different kinds
of molecular system.5,6 In the context of density functional theory
(DFT), theoretical NMR spectra of large molecules are nowadays
calculated with enough accuracy to authorize direct comparison
with experiment. However, while a wide number of successful
This journal is © The Royal Society of Chemistry 2008 Dalton Trans., 2008, 3959–3970 | 3959
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calculations of NMR parameters have been carried out mainly
on heteronuclei such as 17O, 13C, or transition metal atoms, such
methods are not proved to be sufficiently accurate for the 1H
NMR chemical shift calculation of hydride ligands attached to
transitionmetal atoms.7,8 There is a need for assessing the accuracy
of DFT calculations, and we propose several TM complexes for a
comparison between theoretical isotropic chemical shielding and
experimental chemical shifts.
During the last few years, density functional theory (DFT)
based methods have been widely accepted by the computational
chemistry community since they enable accurate calculations on
large systems, which cannot easily be treated by standard methods
beyondHartree–Fock. They are relatively inexpensive and provide
various properties with accuracy. It is now a routine task to
characterize reactants, products and transition states for large
chemical compounds on the basis of DFT.9 Thermodynamical
and kinetic data are close to experimental values and allow
fruitful interactions between theoreticians and experimentalists.
Normal modes of vibrations are also easily derived from the
computation of the second derivative of the energy with respect
to the coordinates of the nuclei. Vibration frequencies of hard
modes compare very well with IR or Raman spectra. Moreover,
recent developments allow nowadays fairly accurate calculation
of theoretical chemical shifts,5,10–12 even in TM complexes13 or in
biological systems.14,15 Computing NMR nuclear shielding tensor
rA for nucleus A or coupling tensor KAB between nuclei A and B
involves the calculation of second derivatives of the energy with
respect to the external field Bext and/or to magnetic moments lA
and lB. The gauge origin problem, which arises from using an
incomplete basis set, can be solved with different methodologies,
among them the gauge including atomic orbitals (GIAO), the
individual gauge of localized orbitals (IGLO) and the continuous
set of gauge transformations (CSGT). No single approximation
appears to be superior to the others.5 An agreement with 10–20%
deviation from experiment is often considered as good. In princi-
ple, theoretical accuracy can be increased by taking into account
influences on the magnetic shielding: solvent effect, motion of the
nuclei,16 molecular vibrations. Accurate computations of NMR
parameters become feasible owing to the ability to describe the
effect of the surroundings with various methodological strategies
(QM/MM, continuum solvent methods,17 molecular dynamics of
the solvent network18). In the case of transition metal compounds,
relativistic effectsmust be taken into account for very heavymetals.
Such effects can be explicitly handled by a relativistic formalism,
or can be incorporated in the Hamiltonian by using effective core
potentials (ECPs). This approach has proven to be accurate and
efficient.13
Hydrogen atoms coordinated to metal centers are characterized
by a negative 1H NMR chemical shift. Ruiz-Morales et al. have
shown that the paramagnetic contribution of the MLn fragment
is responsible for the hydridic shift observed in transition metal
hydrides H–MLn.8 The accuracy of DFT-GIAO will be assessed,
both for the calculation of 1H and 13C chemical shifts. In addition,
to the best of our knowledge, no theoretical investigation of the
NMRspectroscopy of hydrides attached to ametal cluster has ever
been undertaken. Before performing such demanding calculations
on clusters that involve several metal centers and various types
of ligands connected to them, it is necessary to establish a
viable methodological strategy that allows the determination
of 1H NMR chemical shifts that are sufficiently accurate to
permit direct comparison with experiment. As a consequence,
molecular complexes that contain only one metal center have
been considered for the first time. More precisely, in order to
confront the aptitude of DFT methods to reproduce 1H NMR
isotropic chemical shifts of hydride in complex molecular systems
including transition metals, several complexes that contain one
ruthenium atom have been employed for trial purposes. 1H chem-
ical shifts of bis(diphenylphosphino)methane (dppm) complexes
of mononuclear ruthenium, neutral complexes Ru(LH)(dppm)2,
withL=HorCl and the cationic complex [Ru(H)(H2O)(dppm)2]+,
have been calculated and compared to available experimental
data.19 For each molecule, two isomers (cis and trans relative
to the hydride ligands) have been considered and their relative
energies havebeen compared to the experimental stability.Another
compound from this molecular family has been considered,
namely Ru(H)2(dppm)(PPh3)2, for which the two hydrogen atoms
behave differently.19 In addition, some of the TM hydrides H–
MLn studied in ref. 8 are revisited. Although chemical shifts were
in rather good agreement with the available experimental data,
discrepancies observed for some complexes between theory and
experiment were assigned to their fluxional behavior. From an
experimental point of view, variable temperature NMR, when
feasible, probes the fluxional character of molecules. We will see in
this paper that theoretical calculations can, to a certain extent,
be used as a complementary tool for exploring the structural
properties of TM complexes and their fluxional behavior, in
relationship with NMR experiments. Such studies have been
achieved for H2Fe(CO)4, K+[HFe(CO)4]− and HMn(CO)5. We
will also show that TM complexes containing carbonyl ligands
must carefully be described in the context of NMR calculations.
Finally, although the hydrogen atom is often a hydride, it can
also be involved as an H ligand bonded to the metal. We have also
checkedon two examples (Tp*RuH(H2)2 and [FeH(H2)(DMPE)2]+
[Tp* = 3,5-dimethyltris(pyrazolyl)borate and DMPE = 1,2-
bis(dimethylphosphino)ethane]) that our computational strategy
is able to describe such situations.
2 Results
2.1 Mononuclear ruthenium complexes
Theoretical vs. experimental 1H NMR chemical shifts (X = Ph).
According to experimental data,19 Ru(H)2(dppm)2 can adopt
either a cis or a trans configuration with a trans to cis ratio
equal to 1 : 4, Ru(H)2(dppm)(PPh3)2 exists as a cis conformer,
while Ru(H)(Cl)(dppm)2 and [Ru(H)(H2O)(dppm)2]+ only exhibit
a trans conformation (Fig. 1). From an energetic point of view,
our calculations are in agreement with this general trend. As a
Fig. 1 Structure of Ru(L)(H)(dXpm)2 molecular complexes (L = –H−,
–Cl−, H2O; X = –H, –Me, –Ph).
3960 | Dalton Trans., 2008, 3959–3970 This journal is © The Royal Society of Chemistry 2008
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Table 1 Theoretical energies (in a.u.), computed 1H hydrides chemical
shifts (in ppm) for all complexes and available experimental 1H hydrides
chemical shifts. Errors relative to experimental values,19 when available,
are given in parentheses. The relative error (%) is calculated as 100(dtheo −
dexp)/dexp; positive and negative values = overestimation and underestima-
tion of r
1H Chemical shifts
Energies/Eh Theory Experimental
Ru(H)2(dppm)2
cis 0.0 −8.9 (−20%) −7.4
trans 0.1 −4.4 (+6%) −4.7
Ru(H)(Cl)(dppm)2
cis 8.8 −7.2 —
trans 0.0 −12.5 (+11%) −14.0
[Ru(H)(H2O)(dppm)2]+
cis 10.0 −6.9 —
trans 0.0 −14.6 (+22%) −18.8
cis-Ru(H)2(dppm)(PPh3)2
H1 0.0 −10.3 (−32%) −7.8
H2 −11.3 (−18%) −9.6
trans-Ru(H)2(dppm)(PPh3)2
H1 8.2 −5.51 —
H2 −5.33 —
matter of fact, for Ru(H)(Cl)(dppm)2 and [Ru(H)(H2O)(dppm)2]+,
the trans conformation is the most stable structure compared to
the cis one if the electronic energy is considered. In both cases,
the energy difference between the two isomers is about 10 kcal
mol−1 and it can be safely concluded that only one conformation
can exist. For Ru(H)2(dppm)(PPh3)2, the energy difference pleads
in favor of the cis isomer, with an energy difference between
cis and trans conformations equals to 8 kcal mol−1. In the case
of Ru(H)2(dppm)2 the cis isomer has been found to be slightly
more stable (see Table 1). Moreover, the tiny energy difference
(∼0.1 kcal mol−1) that has been determined between cis and
trans conformations matches experimental data that reveal the
coexistence of both isomers, the probability of finding the cis
isomer being more important.
Calculations of 1HNMR isotropic chemical shift of the hydrides
attached to the metal center have been performed for both isomers
of each molecular complex and values are given in Table 1. The
1H NMR signature of the cis conformation of Ru(H)(Cl)(dppm)2
and [Ru(H)(H2O)(dppm)2]+ does notmatch the experimental data,
thus confirming the trans nature of both compounds.19 The same
conclusion is reached for Ru(H)2(dppm)(PPh3)2 for which only
the chemical shifts calculated for the cis conformation are in
agreement with the experimental ones. Consequently for the rest
of our discussion, we will omit all the non-relevant conformations.
For the remaining compounds, calculations reveal a rather good
behavior except for trans-[Ru(H)(HO)(dppm)]+ and for one of the
two considered hydrogen atoms of Ru(H)2(dppm)(PPh3)2. Indeed,
the absolute errors relative to the experimental values are equal
to 1.5 ppm or less while a more important difference has been
found for [Ru(H)(H2O)(dppm)2]+ andH1 ofRu(H)2(dppm)(PPh3)2
(see Fig. 2 for atom labels). However, if relative errors are taken
into account, all calculations are in relatively good agreement
compared to experimental data with errors not exceeding 20%
except for H1 of cis-Ru(H)2(dppm)(PPh3)2 for which the relative
error increases to 32%.
Model systems (X = H, Me). In order to underline the
influence of phenyl groups attached to phosphorus atoms on the
Fig. 2 Structure of Ru(H)2(dXpm)(PX3)2 molecular complexes (X = –H,
–CH3, –Ph).
1H NMR chemical shifts of hydrides attached to the metal center,
corresponding molecular complexes for which phenyl groups have
been replaced by either hydrogen atoms (dppm → dhpm, with
PPh3 →PH3) or methyl groups (dppm → dmpm, with PPh3 →
PMe3) have been considered. As expected, when phenyl groups
are replaced by hydrogen atoms, chemical shifts are generally in
poor agreementwith experimental values, with relative errors up to
60%.However, in the case ofmethyl group replacement, theoretical
chemical shifts are greatly improved and are in excellent agreement
with experiment. If one compares phenyl and methyl complexes,
it appears that replacing methyl groups by phenyl functions has,
in most cases, little effect on the Ru–H hydrogen chemical shift
values. Indeed, a difference of less than 1 ppm is generally observed
between phenyl and methyl substituted complexes. However, in
the case of [Ru(H)(H2O)(dppm)2]+, the theoretical chemical shift
obtained for the real system (−14.6 ppm) can be questionable if
one takes into account the value calculated with methyl groups
(−17.6 ppm) that is in good agreement with experiment. In the
same manner, Ru(H)2(dppm)(PPh3)2 reveals a different behavior
when chemical groups attached to phosphorus atoms are either
methyl or phenyl. Again, it appears that chemical shifts are in bet-
ter agreement with experiment for methyl substituted compounds
than for phenyl substituted ones, i.e. the systems experimentally
investigated. From these results, it can be considered that either
error cancellations are observed formethyl substituted compounds
leading to good chemical shifts compared to experiment or there
is an intrinsic property that must be understood from the present
theoretical results of the real system.
Additivity rules of 1H NMR chemical shifts. Additivity rela-
tions are often used in the usual analysis of experimental NMR
spectra. In the same spirit, we propose to interpret the origin of
the discrepancy between dtheo and dexp when phenyl groups are
considered. We suspect that this disagreement originates from
peculiar interactions involving several phenyl groups, which are
not expected to be observed in solution, due their short lifetime
compared with the NMR timescale. In order to remove such
interactions, we have considered a singly phenyl substituted model
compound. NMR chemical shifts of all compounds have been
calculated by means of additivity rules: starting from a fully hy-
drogen substituted complex, one hydrogen atom has been replaced
by either a methyl or a phenyl group. The calculated chemical
shift difference between these two molecular systems (DdH[Ph] or
DdH[Me]) has been used in order to extrapolate the chemical shift
value for either the completely methyl substitutedmolecules or the
real system (phenyl instead of methyl or hydrogen). In the case of
Ru(L)(H)(dppm)2, hydride chemical shifts of the fully substituted
molecules have been calculated as follows: dH[Ru(L)(H)(dppm)2]=
dH[Ru(L)(H)(dhpm)2] + 8DdH[Ph] or dH[Ru(L)(H)(dmpm)2] =
dH[Ru(L)(H)(dhpm)2] + 8DdH[Me]. As in the previous case,
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Table 2 Theoretical 1H hydrides chemical shifts (in ppm) as a function
of the chemical groups attached to the phosphorus atoms. Errors relative
to experimental values are given in parentheses
X = H (dhpm) X = Me (dmpm) X = Ph (dppm)
Ru(H)2(dXpm)2
cis −6.6 (+11%) −8.3 (−12%) −8.9 (−20%)
trans −1.8 (+62%) −4.5 (+4%) −4.4 (+6%)
trans-Ru(H)(Cl)(dXpm)2
−8.6 (+39%) −12.7 (+9%) −12.5 (+11%)
trans-[Ru(H)(H2O)(dXpm)2]+
−14.1 (+25%) −17.6 (+6%) −14.6 (+22%)
cis-Ru(H)2(dXpm)(PX3)2
H1 −5.5 (+29%) −8.1 (−4%) −10.3 (−32%)
H2 −9.1 (+5%) −10.1 (−5%) −11.3 (−18%)
calculations with methyl groups are in excellent agreement with
experimental data while phenyl substituted complexes give less
reliable chemical shifts (see Table 3). However, using additivity
principles, an improvement of the computed chemical shift is
generally observed compared to the data obtained on real systems.
In particular, this additivity procedure significantly improves the
chemical shift calculated for the hydride in [Ru(H)(H2O)(dppm)]+,
with a decrease of 1 ppm compared to the theoretical value
obtained on the optimized system (−14.6 ppm, see Table 2).
It should also be noted that an increment DdH(Ph) calculated
from a random orientation of the phenyl groups yields an
extrapolated chemical shift for [Ru(H)(H2O)(dppm)2]+ even closer
to the experimental data (−16.9 ppm vs. −18.8 ppm). This is a
significant improvement of the theoretical value with respect to
the one calculated for the optimized structure (−16.9 ppm vs.
−15.7 ppm). In the case of Ru(H)2(dppm)(PPh3)2, the additivity
procedure is more complicated to carry out because phenyl groups
in the molecule must be differentiated. Four phenyl groups are
attached to phosphorus atoms involved in the dppm moiety and
six are implicated in PPh3 groups. As a consequence, the final
chemical shift has been calculated using the following formula:
dH[Ru(H)2(dppm)(PPh3)2] = dH[Ru(H)2(dhpm)(PH3)2] + 4DdH[Ph
on dhpm] + 6DdH[Ph on PH3] and dH[Ru(H)2(dmpm)(PMe3)2] =
dH[Ru(H)2(dhpm)(PH3)2] + 4DdH[Me on dhpm] + 6DdH [Me
on PH3]. Concerning Ru(H)2(dmpm)(PMe3)2, the additivity rule
gives values that are consistent with experimental data while for
Ru(H)2(dppm)(PPh3)2 the chemical shift value of the hydrogen in
trans position relative to a PPh3 group (H2) is well reproduced
whereas the other hydrogen (H1) is still badly described.
It should be noted that hydride chemical shift computation on
similar molecular complexes gives rise to a large dispersion in the
quality of theoretical values compared to experimental ones. On
one hand, hydride chemical shifts can be accurately calculated7
while, on the other, the error can be large (up to 50% compared to
experiment) for several molecules such as H2Fe(CO)4, HCo(CO)48
or [Os(bpy)2(CO)H]PF6,7 In these cases, the justification given for
such discrepancies is often related to the motion of the hydrides or
to the fluxional behavior of the whole molecule. In the present
study, the same explanation can be assumed to interpret the
disagreement between theoretical and experimental data and this
may be confirmed by chemical shift calculations on non-optimized
or random structures that take into account the free rotation
of phenyl groups (see above). Moreover, if the H1 hydride in
Ru(H)2(dppm)(PPh3)2 is considered, for which the relative error
compared to experiment is the worst, the analysis of the optimized
structure exhibits three unconventional Ru–H1 · · ·H–C(phenyl)
interactions (see Fig. 3) that have already been reported in the
literature.20 This is no longer the case in the methyl complex.
We suspect these interactions to be responsible for the difference
between the experimental and theoretical values. As a matter
of fact, if dynamic effects are considered, these interactions will
almost vanish, thus giving a behavior similar to the one described
when phenyl groups are replaced by methyl. In other words, our
results, obtained for a peculiar geometry ofRu(H)2(dppm)(PPh3)2,
should better agree with solid-state NMR since this H · · ·H
contact is expected to be favored in the crystal phase.
Fig. 3 H · · ·H contacts in the Ru(H)2(dppm)(PPh3)2 molecular complex.
Table 3 Calculated (1 Me and 1 Ph) and extrapolated (8 Me and 8 Ph) theoretical H hydride chemical shifts as a function of the chemical groups
attached to the phosphorus atoms. See text for details (in parentheses errors relative to experimental values)
X = H 1 Me 1 Ph 8 Me 8 Ph Exp.
Ru(H)2(dXpm)2
cis −6.52 −6.62 −6.57 −7.3 (+1%) −6.9 (+7%) −7.4
trans −1.74 −2.16 −1.99 −5.1 (−8%) −3.7 (+21%) −4.7
trans-Ru(H)(Cl)(dXpm)2
−8.58 −9.31 −9.42 −14.4 (−3%) −15.3 (−9%) −14.0
trans-[Ru(H)(H2O)(dXpm)2]+
−14.06 −14.53 −14.26 −17.8 (+5%) −15.7 (+16%) −18.8
cis-Ru(H)2(dXpm)(PX3)2
dhpm PH3 dhpm PH3
H1 −5.5 −5.75 −5.58 −5.50 −5.52 −7.0 (+10%) −5.6 (+29%) −7.8
H2 −9.1 −9.11 −9.15 −8.80 −9.36 −9.4 (+2%) −9.5 (+1%) −9.6
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Table 4 H theoretical chemical shieldings and chemical shifts (in paren-
theses) of both isomers of Ru(H)2(CO)3PX3
X = Ph X = Me
Basis set I Basis set II Basis set I Basis set II Exp.
A
Ha 39.5 (−8.5) 36.5 (−4.8) 39.7 (−8.8) 37.5 (−5.8) (−6.7)
Hb 40.1 (−9.1) 37.1 (−5.4) 39.6 (−8.6) 36.9 (−5.2) (−7.3)
B
Ha 39.2 (−8.25) 36.4 (−4.7) 39.4 (−8.4) 37.3 (−5.6) (−6.7)
Hb 39.1 (−8.2) 36.3 (−4.6) 39.4 (−8.4) 37.3 (−5.6) (−6.7)
Mixed carbonyl and phenyl compounds. In order to obtain
further insights into the theoretical treatment of the NMR
spectroscopy of organometallic complexes such as the ones
studied previously, the hydride 1H NMR chemical shifts of
Ru(H)2(CO)3PPh3 have been computed and compared to available
experimental data (Table 4). According to the literature, this
complex exhibits two isomers: on one hand, one hydrogen (Ha) lies
in a trans position relative to a carbonyl ligand whereas the other
(Hb) is trans with respect to the phosphine group (compound A,
Fig. 4). On the other, both hydrogen atoms adopt a trans position
relative to a carbonyl ligand (compound B, Fig. 4).
Fig. 4 Structure of the Ru(H)2(CO)3PX3 molecular complexes, with
X = CH3 or Ph.
For A, the hydrogen atom that lies trans to the carbonyl group
(noted Ha) resonates at −6.7 ppm relative to the TMS proton
while the other hydrogen (noted Hb) is more shielded (−7.3 ppm).
For B, the 1H NMR spectrum exhibits two equivalent protons
with a chemical shift equal to −6.7 ppm. Calculations using ECPs
for C, O, P and Ru (basis set I) are in relatively good agreement
compared to experiment with relative error equal to 15% forA and
11% forB.Moreover, it shouldbenoted that the difference between
chemical shifts for Ha and Hb is suitably reproduced. Indeed, the
Ha chemical shift of compoundA (−8.5 ppm) is larger than the one
associated toHb (−9.1 ppm)while the two hydrides inB are almost
equivalent with their chemical shift (−8.2 ppm) close to that of Ha.
When performing all electron (except Ru) calculations (basis set
II), all hydrides are systematically unshielded by about 3 ppm.
Thus, the relative error compared with experiment apparently
increases but the chemical shift ordering between Ha and Hb
remains. The chemical shielding difference between Ha and Hb
in A is still 0.6 ppm and B exhibits almost two equivalent
hydrides. In order to understand the role of phenyl groups on
the value of hydride chemical shielding, molecular systems have
been considered for which phenyl groups are replaced by methyl
functions Ru(H)2(CO)3PMe3. In these cases, calculations using
either ECPs for C, O, P and Ru or all electron basis sets (except
Ru) have been performed and results are displayed in Table 4.
When compared with real systems, an increase of the shielding
value is observed for both basis sets when compound B is
considered. This increase is more important for all electron
calculation where a difference of 1 ppm is observed (Table 4)
while this difference is about 0.15–0.20 ppm for calculations using
pseudo-potentials. For compound A, the same effect is almost
quantitatively observed forHa but not forHb. Indeed, a decrease of
the chemical shielding is observed forHb with both basis sets when
phenyls are replaced by methyl groups. It must be noticed that,
froma structural point of view,Ha hydrogen atoms in compoundA
and both hydrides in compound B are involved in unconventional
Ru–H · · ·H–C interactions20 (Fig. 5a and 5b).
Fig. 5 H · · ·H contacts in (a) trans- and (b) cis- Ru(H)2(CO)3PPh3.
If phenyl group substituted compounds are considered, these
three hydrides exhibit almost the same chemical shifts either
experimentally or theoretically. The chemical shift difference
between the twohydrides observed for compoundA is not only due
to the trans influence of the phosphine group on Hb but mainly to
the interaction between one phenyl hydrogen and Ha. As a matter
of fact, when this interaction is removed (i.e. when phenyl groups
are replaced by methyl groups), the hydrides in trans position
relative to CO are more shielded (by + 1 ppm) while a deshielding
is observed forHb (by−0.2 ppm)when all electron calculations are
considered. As a consequence, considering only the trans influence
on Hb would give a chemical shift difference different from the one
observed for compound A.
Preliminary conclusions which emerge from these studies are
the relative accuracy of the theoretical determination of 1H NMR
chemical shifts. The shielding is overestimated within basis set
I, whereas it is underestimated in the framework of all electron
calculations, with a slightly better accuracy. We will see in Section
2.2 that ECPs on carbon and oxygen atoms yield poor quality
chemical shifts.
Examples of dihydrogen complexes. Interest in the chemistry
of transition polyhydrides has developed during the last two
decades: they can adopt a variety of structures, with coordination
of hydrides or dihydrogen molecules to the metal ion, they
exhibit anomalous spectroscopic properties in relation to quantum
mechanical exchange of hydrogens in the coordination sphere of
metals, they can lose H2 to give unsaturated species able to activate
C–H bonds.
Although the existence of H2 coordinated to TM atoms is
experimentally assessed by T 1 and JHD measurements, it is
interesting to see how theoretical chemical shifts can be compared
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with experiment. For this, we have considered (Tp*RuH(H2)2
(Fig. 6a), first proposed and characterized by Moreno et al.21 and
[FeH(H2)(DMPE)2]+ (Fig. 6b), in which the 1H NMR signals are
clearly differentiated.22 The 1H NMR spectrum of this compound
shows a single signal at −11.3 ppm, with T 1 and JHD indicating
the existence of two H–H molecules coordinated to Ru. Our
calculations done with basis set II yield −2.9 ppm for the hydride,
whereas the dihydrogen molecules exhibit signals at −10.7 ppm
and −10.5 ppm. Due to the rapid fluxionality of the hydrides, the
experimental resonance should be compared to the average of the
five theoretical chemical shifts, i.e.−9.1 ppm.This is in rather good
agreement with experiment, with a relative error of 20%. This is in
the upper limit of the errors found until now. It can be underlined
that theoretical 13C chemical shifts are in excellent agreement with
experiment:21 14.2 and 17.5 vs. 12.87 and 16.93 (CH3), 103.7
vs. 106.24 (CH), 139.6 vs.143.73 (CCH). [FeH(H2)(DMPE)2]+
exhibits two 1HNMRresonances at−50 ◦C:−17.071 ppm (H–Fe)
and −11.823 ppm (H2–Fe). As in the previous case, 1H chemical
shifts are somewhat underestimated (−13.9 and −10.4 ppm). We
will see in Section 3 that errors on these two compounds can
be strongly reduced by taking into account an effective chemical
shielding r*,TMS for the reference.
Fig. 6 Tp*RuD(D2)2 (a) and [FeH(H2)(DMPE)2]+ (b) molecules.
2.2 Pure hydride metal carbonyl complexes
We investigated the structural and NMR properties of three
TM complexes which are representative hydrides: (1) H2Fe(CO)4,
(2) K+[HFe(CO)4]− and (3) HMn(CO)5 (Fig. 7). Six-coordinate
molecules such as 1 and 3 are thought to be rigid, although several
research groups have reported non-rigidity in hexacoordinate
metal carbonyl and phosphine derivatives.23 We will first examine
1H and 13C chemical shifts (Tables 5 and 6) obtained for the more
stable geometry of each complex, with basis sets I and II. It
Fig. 7 Geometries of the hydrides considered in this paper (1)H2Fe(CO)4,
(2) K+[HFe(CO)4]− and (3) HMn(CO)5.
is well established that the iron dihydride 1 is more stable in
the cis geometry.24,25 This is confirmed by our explorations on
the potential energy surface, since we found the C2v structure
(Fig. 7a) as the more stable. The DFT structural parameters
agree with microwave25 or gas-phase electron diffraction26 data,
although the Fe–H bond length is slightly underestimated. The
complex is a classical dihydride rather than an g2-dihydrogen
TM complex, with a separation between hydrogen atoms close
to 2.0 A˚. The iron carbonyl complex 2 is a versatile precursor for
a rich coordination chemistry in the field of mononuclear iron
carbonyl complexes.27 Several geometry optimizations starting
from different structures led to the identification of the absolute
minimumshown inFig. 7b,withCs symmetry.TheK+ ion interacts
with the hydrogen and two oxygen atoms defining the vertex of
a facet. The manganese hydrido pentacarbonyl TM complex 3
exhibits a four-fold symmetry, in accordance with the observed
structure.28,29
1H NMR properties of compounds 1 and 3were also previously
studied by DFT.8 Details of these earlier calculations differ from
ours: all electron triple-f Slater-type orbitals (STO) on all atoms
(augmented by d and f functions on C and O, two p polarization
Table 6 Comparison of experimental and calculated 13C chemical shifts
(ppm, relative to TMS) for transition metal hydrides 1–3
Exp. Basis set I Basis set II
Compound d d Error d Error
1 C 205.3a
Cax 204.3b 188.8 −8 203.3 0
Ceq 203.7b 187.1 −7 203.9 0
2 Cax — 207.1 — 222.2 —
Ceq — 191.7 — 209.1 —
Ceq,K — 202.8 — 221.0 —
3 Cax 210.8a 188.5 −11 205.5 −3
Ceq 211.4a 191.7 −9 207.4 −2
a Ref. 29. b Ref. 24.
Table 5 Comparison of experimental and calculated chemical shifts (ppm, relative to TMS) for transition metal hydrides 1–3
d Ref.8 Basis set I Basis set II
Compound Exp. d Error d Error d Error
1 −11.1a −7.5 32 −13.4 −21 −8.7 22
2 −8.75b — — −13.3 −49f −8.4 5f
−9.05c — —
3 −7.5d −6.8 11f −14.0 −82 −7.9 −3
−7.84e
a Ref. 30. b Ref. 27, in THF-d. c Ref. 27, in MeOD. d Ref. 31. e Ref. 32. f Average error.
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functions onH and auxiliary STO functions used in order to fit the
molecular density), BP86 non-hybrid functional, non-relativistic
calculations.A strongoverestimationof the shieldingwasobserved
for H2Fe(CO)4 (−7.5 ppm vs. −11.1 ppm exp.), whereas the
chemical shielding for HMn(CO)5 was close to the experimental
value (−6.8 ppm vs. −7.5 ppm exp.). The fluxional behavior
observed for H2Fe(CO)4 or the instability of this hydride were
invoked as a possible explanation for the apparent discrepancy
between theory and experiment.
The isotropic chemical shifts obtained with basis set I are
systematically shifted towards high-field values. The absolute error
is comprised between −21% (1) and −82% (3). It is interesting to
notice that considering explicitly core electrons on carbon and
oxygen atoms (basis set II) significantly reduces the difference
(from −3% for 3 to 22% for 1) with respect to experimental values.
However, the error remains important for complex 1, with the
shielding constant now underestimated. Overall, the agreement is
more satisfactory with basis set II.
13C chemical shifts are less accurate with basis set I, which is the
expected consequence of the lack of core electrons on carbon and
oxygen atoms (Table 6). Nevertheless, there is a fair agreement
with experiment, probably owing to some error compensation
between shielding constants calculated for TM complexes and
TMS. Shielding constants of carbonyl groups are very low with
basis set I (ca. −190 ppm), whereas they are significantly increased
with basis set II (ca. −15 ppm). Concerning specifically the
calculation of 13C chemical shifts with basis set II, there is a very
convincing agreement between experimental data, when available,
and theoretical results.
H2Fe(CO)4. Evidence for internal motion was obtained from
13C measurements by Vancea and Graham29 and more recently
by Whitmire and Lee.24 A single resonance indicated a fluxional
behavior that renders the two types of carbon atom equivalent
on the NMR time scale. Whitmire and Lee carried out a variable
temperature study and estimated the energy interconversion at
8.1 kcal mol−1. The non-decoupled 13C NMR spectrum of 1
taken at −110 ◦C was carried out and the axial and equatorial
carbonyls have been resolved. The two signals are separated by
ca. 0.6 ppm. The low field resonance (204.3 ppm) was assigned
to the axial carbonyl groups, whereas the high field resonance
(203.7 ppm) was assigned to the equatorial carbonyl groups. The
chemical shifts calculated within basis set II are very close to
experimental data (Dd less than 1 ppm) and also differ by a small
amount (0.6 ppm). However, the theoretical assignation inverts
axial and equatorial carbonyls. Despite this small disagreement,
the calculation performs very well. The coalescence temperature
was determined to be ca. −103 ◦C, in relation to a low energy
barrier of transition between isomers. From a theoretical point
of view, intermolecular arrangements in six-coordinate ruthenium
and iron dihydrides were exhaustively studied at the ab initio and
DFT levels by Soubra et al.23 Different possible pathways were
summarized and explored, essentially by ab initio methods, which
led to inhomogeneous results according to the level of theory.
The authors stated in the discussion that the B3LYP values were
the reasonable ones, but a systematic study at this level of theory
was not achieved. The lowest transition pathway corresponds to
the so-called alternative of the Ray–Dutt mechanism in ref. 23
(Fig. 8). Starting from 1, it leads to 1′, passing through an g2-H2
Fig. 8 Alternative of the Ray–Dutt mechanism of the intramolecular
rearrangement of H2Fe(CO)4. The energies are given with respect to the
lowest structure (first line: electronic energy; second line: free energy).
transition state structure TS1, where the Fe(CO)4 moiety exhibits
a square pyramid geometry. The barrier height is low (DrG‡ = 12.0
kcal mol−1) and comparable to the value estimated from NMR
experiments (8.1 kcal mol−1, see ref. 24). Actually, as can be seen in
Fig. 8, this saddle point connects intermediate isomers 1a and 1a′,
which lead to 1 and 1′ viaTS1a andTS1a′. The geometry difference
between 1a and TS1a essentially holds in the small stretching of
the H–H bond, which is consistent with the very small energy
difference between the two structures, since 1a is only stabilized
by 0.2 kcal mol−1. Considering free energies, TS1a lies below the
minimum 1a. This suggests that this species is not viable and that
1 can directly interconvert to 1′ via TS1 at low temperatures.
We explored a second interconversion pathway, which proceeds
via the so-called trigonal twist mechanism (Fig. 9). It results in
the formation of the trans isomer, 1b, passing through a trigonal
prismatic transition state structureTS1bwhich lies 18.3 kcalmol−1
above 1. Actually, structure 1b is distorted, the D4h structure being
a low-lying transition state which leads to an equivalent minimum
1b′. The TS1b barrier is very likely less easy to cross at very low
temperatures than the previous one on the NMR time scale. These
results confirm that the observed equivalence of protons at higher
temperature is more likely due to the interconversion between cis
isomers which demands less energy. Protons are significantly less
shielded in TM complexes 1b and 1b′ (−4.5 ppm vs. −8.7 for 1),
whereas 13C is very slightly deshielded (Table 7). Chemical shifts for
TS1b andTS1c are also given in Table 7, although transition states
cannot be experimentally observed. They are also characterized
by a significant proton deshielding. Two sets of carbonyl moieties
could be distinguished by their chemical shift in TS1b.
While 13C chemical shifts for 1 are obtained with very good
accuracy, we have shown that the underestimation of the shielding
constant does not stem from the fluxional behavior of this
compound. We checked that larger basis sets for H do not
improve the shielding constant (40.7 ppm with cc-pVTZ instead
of 40.4 ppm with 6-31G**). Moreover, use of ECP yields results
in bad agreement with experimental data for TM complexes 1–3.
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Table 7 Theoretical chemical shifts of protons and carbon atoms calcu-
lated with basis set II
1H 13C
1a −6.1 207.0 × 2 218.3 × 2 —
TS1 −5.2 211.8 × 4 —
TS1a
1b −4.5 207.0 × 4 —
TS1b −4.9 197.8 × 2 209.9 × 2 —
TS1c −4.8 208.1 × 4 —
TS3 −5.7 213.5 × 2 218.5 × 2 202.1
Fig. 9 Trigonal twist mechanism of intramolecular rearrangement of
H2Fe(CO)4.
This study raises questions about the the accuracy which can
be expected with the calculation of NMR parameters at the DFT
level of theory.
K+[HFe(CO)4]−. Two 1H chemical shifts were reported in ref.
27 slightly depending on the solvent (THF-d or MeOD). The
proton signal is upfield shifted by ca. 2 ppm from 1. The results
obtained both with basis sets I and II are in contradiction with
experimental data since we do not find a significant difference
between 1 and 2. However, while there is a substantial error (22%)
for 1, the theoretical isotropic 1H chemical shift for 2 compares
well with experiment.
We did not find any experimental 13C value for 2. Nevertheless,
the 13C NMR spectrum of [HFe(CO)4] was recorded.24 It shows
a significant deshielding of the average carbonyl chemical shift
(220.8 ppm) and the fluxionality of this monohydride. The
results obtained with basis set II are in excellent agreement with
experiment, with an average value of 219.8 ppm (equatorial carbon
atoms: 216.1 ppm; axial carbon atom: 230.9 ppm). According to
our theoretical results, the axial carbon atom is upfield shifted by
8.7 ppm in 2 from [HFe(CO)4], whereas equatorial carbon atoms
which interact with K+ are downfield shifted by 4.9 ppm and the
third equatorial carbon atom is upfield shifted by 7 ppm.
From the results obtained on these monohydride species, it can
be concluded that density functional theory provides a valuable
tool in the calculation of both 1H and 13C chemical shifts.
HMn(CO)5 and HRe(CO)5. The assignment of 13CO reso-
nances for HMn(CO)5 is straightforward, due to the ratio 4 : 1
of equatorial and axial carbonyls.29 The difference between the
resonances observed at 193 K is very small, i.e. 0.6 ppm. As can
be seen in Table 6, the agreement between theory and experiment
is slightly less good than in complex 1, with an upfield shift of 4–
5 ppm from experiment. Incidentally, the assignation of axial and
equatorial carbonyl groups matches. Concerning 1H NMR, the
agreement with the more recent experimental data is very good,
and in better agreement than the previous theoretical study.8 The
so-called Ray–Dutt mechanism is not observed here, since it is
associated with dihydrides. We identified only one pathway for
rearrangement, namely the trigonal twistmechanism.Fluxionality
at room temperature and below is feebly plausible, due to the
kinetic barrier which is slightly higher as in HFe(CO) (Fig. 10).
Fig. 10 Trigonal twist mechanism of intramolecular rearrangement of
HMn(CO)5.
In conclusion, it is very likely that the experimental NMR
chemical shift originates from a single geometrical configuration.
Similar conclusions were also found for HRe(CO)5. However, the
agreement with experiment is somewhat less satisfactory than the
results obtained for HMn(CO)5, since the obtained theoretical
1H shift is d = −3.9 ppm instead of the experimental value of
−5.7 ppm.31
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2.3 Outlook: polynuclear organometallic complexes
NMR spectroscopy is also a valuable tool for the characterization
of organometallic clusters of diamagnetic nanoparticles. Due to
their wide range of applications, nanoparticles receive tremendous
attention. Their description by first principle methods is far from
routine, although some interesting studies have been performed.33
Beyond their own interest, organometallic clusters can be seen
as prototypes of nanoparticles stabilized by surface ligands.
Thus, it is important to assess these systems for accuracy of
density functional theory-based methods for the calculation of
shielding tensors. As a preliminary study, we have considered
the electron-deficient cluster [H3Ru4(C6H6)4(CO)]+ (Fig. 11). Each
ruthenium atom is coordinated by a g6-benzene ligand, while the
hydrogen and carbonyl ligands were found as l3 capping ligands.34
The three hydrides give rise to a single resonance observed at
−17.84 ppm. Our calculations yield a shielding constant r =
46.1 ppm, i.e. the theoretical chemical shift (−14.4 ppm) is upfield
shifted from experiment by 3 ppm. The absolute error (19%) is
still in a reasonable range, although it is slightly disappointing.
Nevertheless, the key point is the observation of a significant
increase of the shielding both from theory and experiment, with
respect to most mononuclear complexes.
Fig. 11 Geometry for [H3Ru4(C6H6)4(CO)]+.
3 Discussion
Theoretical 1H and 13C chemical shifts obtained on the pure
hydride transition metal carbonyl complexes are overall in very
satisfactory agreement with experiment, as far as concerns results
obtained with basis set II, i.e. with all electron basis sets on carbon
and oxygen atoms. The error does not exceed 11%, an exception
being the iron dihydride. The fluxional behavior of H2Fe(CO)4
has been discussed in terms of an intramolecular rearrangement
pathway, and NMR chemical shifts have been systematically
calculated for each geometry. While theoretical 13C chemical shifts
remarkably agree with the experimental data, the 1H is upfield
shifted with respect to experiment by 2.4 ppm, which represents
a significant error. This discrepancy cannot be explained in terms
of fluxional behavior of this six-coordinate complex, since there is
only one available pathway, leading from a distorted octahedron
to an analogous distorted octahedron, and passing through a
non-viable intermediate. Consequently, the observed 1H signal
should correspond to the chemical shift of the hydrides involved
in geometry 1. Thus, the theoretical chemical shift calculated
for that specific case appears questionable. We did not find an
explanation, and it is somewhat surprising that on the other hand
the agreement is so good in the case ofK+[HFe(CO)4]−.We tried to
findwhether the explanation for this disagreement could stem from
the experimental methodology, such as solvent effects,30 without
success. Nevertheless, it should be kept in mind that H2Fe(CO)4
is very acidic (pKa = 6.8) and that it evolves hydrogen even at
273 K, whereas other dihydride complexes such as H2Os(CO)4
(pKa = 14.7) are stable above 373 K.35 The explanation for the
discrepancy between theory and experiment could rest with the
strong acidic character, rather than with an intrinsic problem of
the theoretical methodology. Incidentally, it is very interesting to
notice that the calculations of Ruiz-Morales et al.8 also disagreed
with experiments for HCo(CO)4 which is a strong acid.
As can be noticed in the present paper, calculation of chemical
shifts in several complexes has led to rather accurate results,
although the absolute error is too large in some cases. Dynamical
or solvent effects can be invoked, or an intrinsic failure of
theoretical methods. We propose now to consider differently
these numerical results, by examining the correlation between
theoretical chemical shielding and experimental chemical shifts
(Fig. 12). The most striking feature is the very good agreement
between theory and experiment, even for H2Fe(CO)4, with a
correlation factor R2 = 0.97.
Fig. 12 Calculated chemical shieldings (basis set II) for protons vs.
experimental 1H chemical shifts in the complexes considered in the two
articles of this series (values for Ru(H)2(dppm)2 and Ru(H)(H2O)(dppm)2
are extrapolated).
Negative NMR chemical shifts spread over a large range
of values (15 ppm). Our calculations reproduce the shield-
ing increase upon going from trans-Ru(H2)(dppm2) to trans-
RuH(dppm2)(H2O). There is some arbitrariness in the choice of
the isotropic chemical shift of the reference, i.e. rTMS, provided
that mixed basis sets are used for the same compound (see the
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methodological paragraph). Actually, the choice for rTMS may
induce a biased analysis of the results. Fig. 12 sheds a new light
on the accuracy of our NMR calculations. Considering the small
dispersion of the (rtheo,dexp) values with respect to the expected
linear behavior, we assess that it is more relevant to compare
substituent effects on chemical shielding r instead of trying to
calculate chemical shifts. The y-intercept of the linear function
(r*,TMS = 31.2 ppm) is a better estimation of rTMS, whereas the
slope, slightly lower than 1, is an empirical correction to rtheo,
possibly due to environmental effects. As a consequence, in the
context of the calculation strategy proposed in this paper, d can be
predicted from rtheo for any compound by the relation: d = (31.2 −
rtheo)/0.89 in order to obtainNMRproperties directly comparable
with experiment.
4 Conclusion
In this work, calculations of 1H NMR chemical shifts of hydrides
attached to the metal center of organometallic complexes have
been performed in the framework of density functional theory.
In most cases, the results are in good agreement when compared
with experimental data. However, it has been demonstrated that
when phenyl groups are substituted bymethyl functions, theNMR
spectroscopic values are improved. This observation reveals the
difficulty in correctly treating the influence of phenyl groups on
the electronic properties we are interested in. As a matter of fact,
chemical shielding is computed on a geometry that has previously
been optimized, i.e. a minimum on the potential energy surface.
However, the experimental data that are used for comparison
purposes generally include vibrational or rotational effects that are
due to the temperature. Such dynamical effects are not reproduced
in our computational approach and some specific interactions
between the phenyl groups and the hydrides are predominantly
taken into consideration when chemical shifts are calculated.
On the other hand, when methyl is considered instead, all such
interactions are removed and an improvement of the calculated
values is observed. Thus, while the calculation strategy of chemical
shifts presented in this work seems precise and reliable, one should
pay attention to the correct sampling of the conformational phase
space.14,36 In some cases, accuracy could be significantly improved
by including dynamic effects by means of molecular dynamic
simulations, for example, in order to extract a statistical ensemble
of molecular structures that would be used for NMR calculation
purposes.16,18
Another puzzling result is the very poor accuracy observed
within basis set I, i.e. when ECPs are used for carbon and oxygen
atoms. While this is expected for chemical shifts, this is somewhat
more suprising for 1H chemical shifts. We carefully compared ge-
ometries, valence molecular orbitals, natural population analysis37
and normal mode frequencies obtained with basis sets I and II
respectively: there is no significant difference. According to the
analysis of the shielding density, the origin of the difference in
NMR calculations could stem from the current density induced
by an external field. As a matter of fact, owing to the lack of core
electrons, the shape of the current density is very different with ba-
sis sets I and II, thus yielding different paramagnetic contributions
to the shielding constant. This dramatic effect probably rests with
the generation ofmagnetic fields by the paramagnetic current both
in the ⊥ and ‖ directions. Besides, we consider that using ECPs
for carbonyl groups in the context of NMR calculations should be
avoided due to their trend to overestimate chemicals shielding
of neighboring protons. Moreover, determination of chemical
shielding for carbon atoms is obviously not satisfactory since 1s
core electrons are lacking. Although the suppression of four core
electrons for each carbonyl group leads to computational benefit
for mononuclear TM complexes, the substitution of core electrons
by ECPs could have been interesting for 1H NMR calculations on
cluster compounds or metal surfaces with high carbonyl coverage.
We have shown on a large variety of complexes that there
is remarkable agreement between rtheo and dexp, via a relation
which empirically takes into account environment effects. Such
a relation is expected to be transferable to the calculation of dtheo
for any hydride or dihydrogen molecule coordinated to a metal
atom, provided that the same DFT functional and basis sets are
used. Such basis set represents a good cost/accuracy compromise,
allowing studies of large TM clusters. Considering that resonance
signals of H and H2 are observed over a large range (∼15 ppm) in
TM molecules, clusters or NPs, it can be assessed that quantum
chemistry is accurate enough for taking into account all electronic
effects which influence the shielding of hydrides; the maximum
absolute error is 1.5 ppm, that is to say the error relative to
experiment rarely exceeds 10%. In addition, ourNMRcalculations
are always in very good agreement with 13C NMR. Together with
the ability of DFT to provide insights to structure, reactivity and
vibrational spectroscopy, this improves the fruitful relationship
between theoreticians and organometallic chemists.
5 Methodological details
All calculations were performed with the Gaussian03 suite of
programs,.38 using thePBE039 andB3PW9140–46 hybrid functionals.
Relativistic effective core potentials developed by the Stuttgart
group and their associated basis sets47 have been used for Ru, Fe,
Mn,48 K,49 Cl and P elements.50 This basis set was augmented with
a set of d-polarization functions for phosphorus (fd: 0.387) and
chloride (fd: 0.643) atoms.51 The hydrogen atoms were treated with
the 6-31G(d,p) basis set.52 Two basis sets were used for the carbon
and oxygen atoms: basis I used the Stuttgart ECPs and their
associatedbasis set,50 withpolarization functions (C: fd = 0.587;O:
fd = 0.961), whereas basis II used the standard Pople’s 6-31G(d,p)
basis set. Geometry optimizations were achieved in the gas phase
at the DFT-PBE0 level of theory, without symmetry constraints.
Calculations of vibrational frequencies were systematically done
in order to characterize the nature of stationary points. The
path of the chemical reaction was traced from the transition
state to the products and reactants, using the intrinsic reaction
coordinatemethod.53 Gibbs free energies were calculated bymeans
of the harmonic frequencies, i.e. by a straightforward application
of the statistical thermodynamics equations given in standard
textbooks.54 Among the various theories available to compute
chemical shielding tensors, the gauge including atomic orbital
(GIAO) method has been adopted for the numerous advantages
it presents.55–59 NMR calculations were performed using basis sets
I or II augmented by one f polarization function60 on ruthenium,
iron or manganese atoms (Ru:ff = 1.235; Fe: ff = 2.462; Mn:
ff = 2.2). However, we checked on some complexes that adding
a polarization function on metal atoms has a negligible effect on
the isotropic chemical shielding (ca. 0.1 ppm). Chemical shifts are
3968 | Dalton Trans., 2008, 3959–3970 This journal is © The Royal Society of Chemistry 2008
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calculated as d = rTMS − rcomplex where rTMS and rcomplex are the
isotropic chemical shieldings of H or C atoms in tetramethylsilane
(TMS) and transition metal complexes. The calculated isotropic
shieldings in TMS are 31.7 ppm for 1H and 195.2 ppm for 13C at
the DFT-B3PW91 level of theory, using basis set II on all atoms.
Considering ECPs on carbon and silicon atoms slightly alter r(1H)
(30.9 ppm) and, as expected, has a strong influence on r(13C)which
is lowered by 195 ppm (r = 0.2 ppm vs. r = 195.2 ppm) due
to the absence of core electrons on carbon atoms. These results
indicate that mixing ECPs and all electron basis sets has an effect
on r(1H), which is nevertheless rather small. We have checked on
some complexes that, within all electron calculations, 1H chemical
shielding ismoderately dependent on the basis set size. Thus, in the
case of (H)Fe(CO), r(1H) is 40.4 ppm using basis set II, whereas it
is 40.7 ppm with the standard cc-pvtz basis set. It remains almost
constant for TMS. r(13C) is more dependent on the basis set size,
since for the same compound the shielding decreases with the cc-
pvtz basis set (−31 ppm vs. −9 ppm), whereas it decreases only by
10 ppm for TMS (185 ppm vs. 195 ppm).
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DFT 2H quadrupolar coupling constants of ruthenium complexes: a good
probe of the coordination of hydrides in conjuction with experiments
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Transition metal (TM) hydrides are of great interest in chemistry because of their reactivity and
their potential as catalysts for hydrogenation reactions. 2H solid-state NMR can be used in order
to get information about the local environment of hydrogen atoms, and more particularly the
coordination mode of hydrides in such complexes. In this work we will show that it is possible to
establish at the level of density functional theory (DFT) a viable methodological strategy that
allows the determination of 2H NMR parameters, namely the quadrupolar coupling constant
(CQ) respectively the quadrupolar splitting (DnQ) and the asymmetry parameter (ZQ). The
reliability of the method (B3PW91-DFT) and basis set effects have been first evaluated for simple
organic compounds (benzene and fluorene). A good correlation between experimental and
theoretical values is systematically obtained if the large basis set cc-pVTZ is used for the
computations. 2H NMR properties of five mononuclear ruthenium complexes (namely
Cp*RuD3(PPh3), Tp*RuD(THT)2, Tp*RuD(D2)(THT) and Tp*RuD(D2)2 and
RuD2(D2)2(PCy3)2) which exhibit different ligands and hydrides involved in different coordination
modes (terminal-H or Z2-H2), have been calculated and compared to previous experimental data.
The results obtained are in excellent agreement with experiments. Although 2H NMR spectra are
not always easy to analyze, assistance by quantum chemistry calculations allows unambiguous
assignment of the signals of such spectra. As far as experiments can be achieved at very low
temperatures in order to avoid dynamic effects, this hybrid theoretical/experimental tool may give
useful insights in the context of the characterization of ruthenium surfaces or nanoparticles with
solid-state NMR.
1. Introduction
Ruthenium and its derivatives consist an important class of
catalysts. They are involved in hydrogenolysis reactions,1
olefin metathesis2 and the Fischer–Tropsch reaction.3,4 Today
there is a growing interest to synthesize ruthenium complexes
for catalytic reactions and ruthenium nanoparticles which
have importance in current material science.5–8 Due to their
physical and chemical properties, resulting from surface or
quantum size effects,9 their potential applications range from
magnetic devices to catalysis and selective gas detection.10 To
understand the properties of these catalysts on the molecular
level, a thorough characterization with spectroscopic techniques
is mandatory. Here in particular 2H solid-state NMR8 studies,
which may reveal both the structure and dynamics of the
catalyst and possibly the catalyst substrate complex, are of
interest.11–16 The interpretation of these data necessitates
reference data obtained by theoretical modelling on the
level of quantum chemistry. However, due to rather scarce
theoretical studies of 2H NMR properties of TM compounds
in general and ruthenium complexes in particular, there
is currently still a lack of reliable reference data and
computational methodology. Thus, calculations performed
on well-defined experimental systems are important for validating
the computational methodology. After confirmation of the
accuracy of theoretical methods, the computations could thus
contribute to secure the attribution of spectroscopic information
in the case where assignment cannot be fully achieved by
experimental means or in the structural interpretation of the
NMR data. This collaborative experimental/computational
calibration and validation is essential before exploring species
like organometallic nanoparticles, whose structure cannot be
characterized at the same level of accuracy as well-defined
molecular species.
Following this line of reasoning, we recently started to study
experimentally a set of ruthenium model complexes with well
defined structure with 2H solid-state NMR spectroscopy,
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whose experimental NMR data can serve as experimental data
base for the calculations.17 Owing to their computational
efficacy, density functional theory (DFT) based calculation
techniques are of particular interest. They were successfully
applied to the calculations of NMR parameters of various
compounds, such as chemical shifts in transition metal
complexes,18–21 quadrupolar interactions in vanadium
compounds,22–24 as well as other studies in the context of
hydrogen bonds25–27 and have shown that DFT is a
complementary analytical tool, provided that dynamical
effects are well taken into account.28,29 In the present work,
we are particularly interested in elucidating the coordination
mode of hydrides in TM complexes. This can be experimentally
reached by means of 1H liquid-state NMR or 2H solid-state
NMR, after deuterium isotopic substitution.
As a preliminary step, we validate the accuracy of our
calculation method and evaluate basis set size effects for
simple compounds where experimental 2H solid-state NMR
data were available, namely benzene and fluorene (Fig. 1).
According to the work of Bailey, who compared the
experimental and calculated quadrupolar interaction parameters
(quadrupolar coupling constant CQ and asymmetry of
the electric field gradient (EFG) tensor ZQ) at the
B3LYP/6-31G(df,3p) level of theory,30 calculations of the
2H NMR parameters (quadrupolar splitting DnQ and
asymmetry of the electric field gradient (EFG) tensor ZQ) at
the PBE0/B3PW91 level of theory were carried out, employing
different sized basis sets. Initially, the theoretical results for
benzene were compared with the experimental data for bulk
benzene-d6.
31 In this case the bulk benzene-d6 acts as model
for the carbon-deuterium (C–D) binding situation in solid
benzen. For the fluorene, acting as model for different
C–D binding situations (CD and CD2) in solids, DnQ values
from 2H NMR single crystal measurements32 were used for the
comparision.
The calculations on these two systems helped us to develop
an efficient and reliable calculation strategy of the 2H NMR
parameters. This strategy is then applied to the calculation of
the 2H NMR parameters of five mononuclear ruthenium
complexes synthesized by some of us.17,33 They exhibit
different C–D and also ruthenium–deuterium (Ru–D) binding
situations of the deuterons and model all reasonably possible
hydrogen binding situations of mononuclear ruthenium
complexes. The comparison between the caculated parameters
and the experimental ones,17 determined by a combination of
MAS and low temperature 2H measurements, enables to
elucidate the bonding of deuterium atoms in mononuclear
ruthenium complexes. These investigations form the basis for
the calculation of ruthenium clusters which picture models for
ruthenium nanoparticles.
2. Methodological details
2.1 Mononuclear ruthenium complexes
In recent papers we have reported about the synthesis and
experimental study of the 2H-NMR quadrupolar interaction
of a series of mononuclear ruthenium complexes with different
ligands.17,33 Our main goal in the present paper is the quantum
chemical calculation of the quadrupolar parameters CQ and
ZQ and their comparison with experimental values. The
quadrupolar parameters were calculated for the deuterons in
three trispyrazolylborate (Tp*) ruthenium complexes with one
deuterium and optionally one or two D2 groups (Fig. 2a to 2c),
in a cyclopentadienyl (Cp*) ruthenium complex with three
deuteriums (Fig. 2d), and finally in a tricyclohexylphosphin
(PCy3) ruthenium complex with two deuteriums and two D2
groups (Fig. 2e). The DFT optimized geometries are given
in Fig. 3. In particular we wanted to corroborate the
experimental finding that there are characteristic quadrupolar
coupling constants for ruthenium bound terminal-D and
Z2-D2 ligands. For verification of our calculations, the
quadrupolar properties for C-D deuterons were calculated
as well.
2.2 Quadrupolar splitting and asymmetry parameter
The basic theory of the quadrupolar interaction of 2H is
well-documented34 and only briefly summarized here. Deuterium
has a nuclear spin of I = 1. It possesses a quadrupolar
moment which is in the range of Q = 0.00286 barns. This
quadrupolar moment of the deuterium can interact with the
electric field gradient arisen at these sites. The energy of this
interaction is related to the quadrupolar splitting DnQ which
can be measured directly by solid-state NMR spectroscopy,
whereas the asymmetry parameter ZQ describes the deviation
of the EFG tensor from its cylindric symmetry. A general
theoretical description of the quadrupolar interaction is given
by the first-order quadrupolar Hamiltonian
H^
ð1Þ
Q ¼
eQV33
2Ið2I  1Þh
1
2
ð3 cos2 b 1
 ZQ sin2 b cos 2aÞ
3
2
I^
2
z 
IðI þ 1Þ
2
 
ð1Þ
where V33 express the largest principal component of the EFG
tensor, Q is the quadrupolar moment, e the electronic charge,
Fig. 1 (a) Benzene; (b) fluorene.
Fig. 2 (a) Tp*RuD(THT)2; (b) Tp*RuD(D2)(THT); (c)
Tp*RuD(D2)2; (d) Cp*RuD3(PPh3); (e) RuD2(D2)2(PCy3)2.
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h the Planck constant in units of 2p and a and b are the
azimuth and polar angle of the quadrupolar principal axes
system with respect to the external magnetic field. Inserting the
nuclear spin I = 1 of the 2H nucleus and introducing the
quadrupolar frequency nQ, which depends on the polar angles
a and b, gives the following expression (eqn (2)) for the
quadrupolar Hamiltonian of a deuteron:
H^
ð1Þ
Q ¼ 2pnQ I^
2
z 
2
3
 
: ð2Þ
DFT calculations allow the computation of the tensor
elements Vij of the EFG tensor via the electronic density Re
at the 2H center (eqn (3)).
Vij ¼
Z
d3sRe
3sisj  dijs2
s5
ð3Þ
To calculate the quadrupolar interaction parameters from the
EFG this tensor has to be diagonalized. The quadrupolar
coupling constant CQ and the asymmetry parameter ZQ are
then calculated according to eqn (4) and (5).
CQ ¼ eQV33
h
ð4Þ
ZQ ¼
jV22j  jV11j
jV33j ð5Þ
where V11, V22, V33 express the principal components of
the EFG tensor with |V11| r |V22| r |V33|. The principal
components are initially calculated in atomic units (a.u.). Here
the value of eQ/h is 672 kHz/a.u. for deuterium (Q = 0.00286
barns for 2H, after ref. 35). For comparison to experimental
spectra these values are converted as
CQ (kHz) = 672  V33(a.u.). (6)
The experimentally observable quadrupolar splitting DnQ is
related to the quadrupolar coupling constant CQ according to
eqn (7) in case of deuterons.36
DnQ = 34CQ (7)
The direct conversion from atomic units becomes
DnQ = 34  672  V33 = 504  V33. (8)
2.3 DFT calculations
All DFT calculations were performed with Gaussian03.37
Geometries were fully optimized in gas phase without
symmetry constraints, employing the PBE038 functional
before calculating EFG tensors. This choice of functional
was initially motivated by calculations performed on small
magnetic Run clusters, which showed that PBE0 gives the
ground-state magnetic moment, bond length, and dissociation
energy of Ru2 in good agreement with experiment and
high-level quantum chemistry calculations. It also seems to
be a good compromise for suitably describing Ru3 clusters
39
and its ability to properly describe the geometrical features of
organometallic clusters has been proven.21 Calculations of
vibrational frequencies were systematically done in order to
characterize the nature of stationary points. The Stuttgart
effective core potential40 and its associated basis set was
considered for ruthenium. For the other elements (H, C, O,
and P) Pople’s double-z basis set 6-31G(d,p)41,42 was used. The
calculations of the EFG tensors were done using the B3PW91
functional43–49 and the Stuttgart effective core potential for
Ru, augmented with a polarization function (zf = 1.235). For
the other elements (H, C, O, and P) (i) Dunning’s correlation
consistent basis set cc-pVTZ50,51 and (ii) Poples double-z,
respectively triple-z basis sets 6-31G(d,p) and 6-311G(d,p)
were used. We have proved on some test cases that
quadrupolar coupling constants calculated on triple-z and
double-z basis sets’ geometries differ by less than 2%, owing
to the local character of this property. Due to the large
dimension of some TM complexes we have considered
that performing geometry optimizations and EFG tensor
calculations in the same expensive triple-z quality basis set
brings no significant enhancement of the results.
3. Results and discussion
3.1 Simple organic compounds
The results of the DFT calculations for the simple molecules
benzene and fluorene (Fig. 1) are reported in Table 1 together
with experimental data from the literature.31,32 For all these
compounds, the calculated asymmetry parameter ZQ is very
close to zero, which results of the axial symmetry of the
covalent C–D bonds exhibited in these compounds.
While the calculated ZQ value for each several molecule is
almost insensitive to the basis set, the calculated quadrupolar
coupling constant CQ slightly differs between the double-z
quality 6-31G(d,p) basis set and the triple-z quality basis sets
6-311G(d,p) respectively cc-pVTZ. The difference between the
values obtained with the three basis sets is small, but we observe
systematically that the results obtained with the triple-z
6-311G(d,p) basis set are less consistent with respect to experi-
ments than those obtained with the two other basis sets.
Although the theoretical CQ value is overestimated by
ca. 10 kHz with respect to the experimental data with the
cc-pVTZ basis set, the quality of the calculation is sufficient
Fig. 3 Optimized structures by 6-31G(d,p) of (a) Tp*RuD(THT)2;
(b) Tp*RuD(D2)(THT); (c) Tp*RuD(D2)2; (d) Cp*RuD3(PPh3);
(e) RuD2(D2)2(PCy3)2.
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to properly differentiate between deuterons in C–D bonds with
different bonding situations like CD or CD2. The difference
between calculated DnQ values for CD and CD2 is indeed
8 kHz, in excellent agreement with the experimental data
(9 kHz). The asymmetry parameters are also in line with the
experimental results. These simple calculations show that it is
possible to distinguish between different C–D bonding
situations with our calculation method, which seems promising.
Its ability to also characterize metal–deuterium bonding
situations like Ru–D or Ru–D2 is considered in the next
sections. This is a more difficult problem due to shallow
potential energy surfaces which involve the fluxionality of
such organometallic complexes. In other words, DFT
calculations, performed at 0 K, must preferentially be
compared to experiments performed at sufficiently low
temperatures so that the experimental values can be considered
as the rigid limit.
3.2 Cp* ruthenium complex
The Cp*RuD3(PPh3) complex exhibits an Z
5-cyclopentadienyl
and a triphenylphosphine ligand coordinated to the ruthenium
atom, as well as three terminal deuterons (Fig. 3d). According
to the optimized geometry, all Ru–D distances are similar
(1.589 A˚, 1.579 A˚ and 1.595 A˚), with rather large D–D
distances (1.668 A˚ and 1.694 A˚). As can be seen in Table 2,
the quadrupolar coupling constant CQ calculated for the
Cp*RuD3(PPh3) complex does not change significantly
according to the basis set. The relative difference does not
exceed 10% between the 6-31G(d,p), 6-311G(d,p) and
cc-pVTZ basis sets. Considering the experimental quadrupolar
splitting DnQ at 90 K obtained for Ru–D, the best agreement is
observed with the cc-pVTZ basis set (73.1 kHz vs. 70 kHz).
The quadrupolar splitting of 70–78 kHz is attributed to the
Ru–D bonding, whereas the quadrupolar splitting in the range
of 120–140 kHz can be related to the deuterium atoms
involved in C–D bonds of the deuterated ligands.34 There is
a very good correlation between theoretical and experimental
DnQ values. The quadrupolar splitting for Ru–D is calculated
to be 73 kHz employing the cc-pVTZ basis set, which leads to
the most accurate results (exp. 70 kHz). It must be underlined
that DnQ calculated for C–D in the ruthenium complexes
employing the cc-pVTZ basis set is almost identical to those
calculated for the simple compounds (benzene and fluorene) in
the same basis set (Table 1). This observation shows that for a
given quadrupolar nucleus, in our case the deuterium, only the
atoms of the first coordination sphere of this nucleus have a
large influence on the quadrupolar coupling. The asymmetry
parameter ZQ for all calculated bonds is close to zero which
refers to the axial symmetry of bonds in the vicinity of the
deuteron. The EFG tensors at deuteron centers are shown in
Fig. 4. The axial symmetry is obvious, in relation with small
values of the asymmetry parameter ZQ. This parameter is
indeed expected to be close to 0 due to the approximate
cylindrical symmetry of the C–2H and Ru–2H bonds. Note
that the smaller the quadrupolar coupling constant CQ, the
smaller the size of the ellipsoid in that kind of representation.
3.3 Tp* ruthenium complexes
All values calculated for CQ, ZQ and DnQ employing the
cc-pVTZ basis set are given in Table 3. Owing to the presence
of fast molecular vibrations, which cause slight reductions of
the experimental quadrupolar splittings for C–D, they are
found to be in the range of 120–145 kHz. Since the theoretical
calculations are performed for 0 K, the calculated values are
typically in a more narrow range, with DnQ values close to
142–145 kHz for all complexes, independent of the ligand.
According to our calculations, the quadrupolar splitting of
the deuteron bonded to the boron of the Tp* ligand (B–D)
should be observed at B95 kHz. Since no noticable Pake
pattern with this quadrupolar splitting was found in the
experimental spectra,17 we conclude that the large distance
between the deuterons bonded directly to the ruthenium atom
(Ru–D) and the hydrogen bonded to the boron of the Tp*
Table 1 Comparison of basis sets effect on CQ, DnQ (in kHz) and ZQ for benzene and fluorene. DnQ is calculated from CQ according to eqn (7).
6-311G(d,p) and cc-pVTZ values are calculated for the optimized 6-31G(d,p) geometry
Basis set
Parameters
6-31G(d,p) 6-311G(d,p) cc-pVTZ Experimental
CQ DnQ ZQ CQ DnQ ZQ CQ DnQ ZQ DnQ ZQ
Benzenea
C–D 199 150 0.07 207 156 0.07 194 145 0.06 B136 B0.04
Fluoreneb
C–D (CD) 200 150 0.07 208 156 0.07 194 146 0.07 B135 B0.05
C–D (CD2) 189 142 0.02 196 147 0.02 184 138 0.02 B126 B0.02
a Experimental values: Ref. 31. b Ref. 32.
Table 2 Comparison of the basis sets effect on the 2H NMR parameters (CQ (in kHz), DnQ (in kHz) and ZQ) for mononuclear Cp* ruthenium
complex. The experimental parameters were extracted from the 2H spectra of the complex measured at 90 K.17 All average bond lengths (R) are
given in A˚
Basis set
6-31G(d,p) 6-311G(d,p) cc-pVTZ Experimental
Parameters CQ DnQ ZQ CQ DnQ ZQ R CQ DnQ ZQ DnQ ZQ
C–D (Me) 196 147 0.04 203 152 0.03 1.094 191 143 0.03 — —
Ru–D 110 82 0.04 109 82 0.05 1.587 97 73 0.07 70 0.09
C–D (Ph) 202 151 0.07 210 157 0.06 1.087 196 147 0.06 — —
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ligand (B–H) efficiently inhibits the hydrogen/deuteron
exchange between Ru–D and B–H.
As can be seen in Table 3, Ru–D bond lengths in Tp*
ruthenium complexes are similar to those observed in the
previous Cp* ruthenium complex. The quadrupolar splitting
calculated for Ru–D therefore is nearly the same for all
complexes, with values in the range of 65–69 kHz, similarly
to the experimental values.
A discrepancy seems to occur in the case of D2 coordinated
to ruthenium, which appears in Tp*RuD(D2)(THT) and
Tp*RuD(D2)2 (Fig. 3b and c). While according to our
calculations DnQ is expected to be observed at E55 kHz for
Tp*RuD(D2)2 and E73 kHz for Tp*RuD(D2)(THT),
experiments exhibit a splitting close to 40 kHz. Actually, this
apparent disagreement is related to the fast rotation of D2
ligands which is not frozen in the temperature range of the
experiments, i.e. from 10 K to 170 K, whereas calculations
correspond to the 0 K limit. This explanation is confirmed by
the experimental work of Wehrmann et al.52 who performed low
temperature 2H solid-state NMR measurements at 5.4 K at the
trans-[Ru(D2)Cl(PPh2CH2CH2PPh2)2]
+PF6
 complex, which
also includes a D2 ligand however with relatively high rotational
barrier of the D2 rotation (6.2 kcal mol
1 according to
experiments). Here the measured quadrupolar splitting DnQ of
the D2 at temperatures below 10 K is close to 60 kHz, i.e. the
typical theoretical value calculated for Z2-D2 ligands. In the case
of the ruthenium complexes considered in this work, the calcu-
lated barriers of rotation are much lower (for example DE =
2.5 kcal mol1; DrG1= 2.2 kcal mol
1 for Tp*RuD(D2)(THT)).
This confirms that the D2 ligands are in fast rotation in these
complexes. The calculation of DnQ (Table 4) of the cation
structure trans-[Ru(D2)Cl(PPh2CH2CH2PPh2)2]
+ (Fig. 5)
yielded a value of DnQ E 55 kHz which is as expected in good
agreement with the experimental one. This theoretical value
coincides well with the theoretical DnQ values of the dihydrogen
ligands in these complexes (55–75 kHz). This corroborates our
interpretation of the low experimental quadrupolar splitting
values for D2 in the Tp* as a dynamic effect. It is important to
note in this context that the rotation of the D2 ligands is an exact
quantum mechanical symmetry operation, which occurs at low
temperatures as a tunnel process and as a conventional chemical
exchange process at higher temperatures. For a detailed
discussion see the reviews ref. 14 and 15.
Fig. 4 EFG tensors at 2H centers for Cp*RuD3(PPh3). The EFG
tensors of hydrides are plotted in blue for visual convenience.
Table 3 CQ (in kHz), DnQ (in kHz) and ZQ values for several
mononuclear Tp* ruthenium complexes. Comparison between
theoretical (cc-pVTZ basis set) and experimental quadrupolar splitting
DnQ and asymmetry parameter ZQ. The experimental parameters were
extracted from the 2H spectra of the complexes measured at low
temperatures: Tp*RuD(THT)2 at 170 K, Tp*RuD(D2)(THT) at
150 K and Tp*RuD(D2)2 at 10 K.
17 All bond lengths (R) are given in A˚
Parameters
Theoretical calculations Experimental
R CQ DnQ ZQ DnQ ZQ
Tp*RuD(THT)2
C–D (TP*) 1.094 193 145 0.03 120 0.06
C–D(THT) 1.093 189 142 0.01 120 0.06
B–D 1.200 126 95 0.00 — —
Ru–D 1.603 88 66 0.03 70 0.00
Tp*RuD(D2)(THT)
C–D (TP*) 1.094 194 145 0.03 126 0.00
C–D (THT) 1.093 189 142 0.02 126 0.00
B–D 1.200 127 95 0.00 — —
Ru–D 1.597 92 69 0.02 66 0.06
Ru–(D2) 1.619 86 64 0.24 40 0.10
1.582 97 73 0.08 40 0.10
RDD 1.066
RRu–D2 1.518
Tp*RuD(D2)2
C–D (Tp*) 1.094 193 145 0.04 144 0.06
B–D 1.200 127 95 0.00 — —
Ru–D 1.599 92 69 0.01 68 0.08
Ru–(D2)
a 1.663 73 55 0.92 42 0.05
1.639 75 56 0.82 42 0.05
Ru–(D2)
a 1.664 73 55 0.93 42 0.05
1.639 74 56 0.83 42 0.05
RDD 0.940/0.941
RRu–D2 1.583/1.583
a These two entries correspond to each of the two D2 subunits.
Table 4 CQ (in kHz), DnQ (in kHz) and ZQ values calculated for the
trans-[Ru(D2)Cl(PPh2CH2CH2PPh2)2]
+ cation. Comparison between
theoretical (cc-pVTZ basis set)a and experimental quadrupolar
splitting DnQ and asymmetry parameter ZQ. The experimental
parameters were extracted from the 2H spectra of the trans-
[Ru(D2)Cl(PPh2CH2CH2PPh2)2]
+PF6
 complex measured at 5.4 K52
Parameters
Theoretical calculations Experimental
R CQ DnQ ZQ DnQ ZQ
C–D (CH) 1.086 197 147 0.07 — —
C–D (CH2) 1.094 186 140 0.03 — —
Ru–(D2) 1.632 73 55 0.96 60 0
1.636 73 55 0.96 60 0
RDD 0.945
Fig. 5 Optimized cation structure of the trans-
[Ru(D2)Cl(PPh2CH2CH2PPh2)2]
+PF6
 complex.
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The D–D bond lengths are also reported in Table 3. The D2
ligand is significantly more elongated in Tp*RuD(D2)(THT)
with respect to Tp*RuD(D2)2, owing to the more important
back-donation in the s* molecular orbital of H2. As a
consequence DnQ tends to the typical value for terminal
deuterons, i.e. 65–70 kHz. One should pay attention to the
asymmetry parameter ZQ. According to experiments it
typically ranges from 0 to 0.1 for deuterium, even in the case of
Z2-D2 ligands. While we also find small asymmetry parameters
for Ru–H bonds, ZQ is systematically found to be close to 1 for
deuterium atoms involved in Ru–D2 bonding, with the
exception of Tp*RuD(D2)(THT). According to eqn (5), such
a situation arises when similar values are obtained for V22 and
V33, whereas V11 B 0. While this seems very unusual for D
atoms, this must be related to the specific bonding of Z2-D2
ligands. As a matter of fact, small values of the asymmetry
parameter indicate a weak deviation from the cylindrical
symmetry in the H–X bond. This symmetry is broken in
Ru–D2 complexes in so far as D is involved both in Ru–D and
D–D bonding. We have checked by optimizing Tp*RuD(D2)2
within the cc-pvtz/Stuttgart basis set that this is not an artefact
related to an inconsistency of basis sets between the optimization
process and the EFG calculation. At the moment it is not clear
why the calculated asymmetry is so high.
3.4 PCy3 ruthenium complex
The calculated CQ, DnQ and ZQ values for the
RuD2(D2)2(PCy3)2 complex depicted in Fig. 3e are
summarized in Table 5. While the DnQ values calculated for
Ru–D agree well with the experimental ones (70 and 68 kHz
vs. 66 kHz), the DnQ values for Ru–D2 are again overestimated
with respect to experiments (E60 kHz vs. 42 kHz), whereas ZQ
is close to 1, as already calculated in the previous ruthenium
dihydrides. This phenomenon also refers to the fast rotation of
the D2 as it is explained before.
In agreement with the experimental findings, the calculations
reveal that DnQ for Ru–D is not sensitive to the type of ligands
nor to the number of deuterons coordinated to the ruthenium.
Ru–D bond lengths in the PCy3 complex and in Tp*
complexes differ at most by 0.015 A˚, which has a weak impact
on DnQ. Considering the particularly short D–D bond length
(0.88 A˚), a lower value for DnQ was expected. However
D2 is significantly farther from the Ru center in the
RuD2(D2)2(PCy3)2 than in the Tp* complexes, which may
explain the high theoretical DnQ value.
4. Conclusion
In this work 2H solid-state NMR quadrupolar interactions of
deuterons in five ruthenium organometallic complexes have
been studied by DFT methods. It was shown that the variation
of the size of the basis set has no significant influence
on the quadrupolar splittings DnQ and asymmetry parameters
ZQ, although the best agreement between calculated and
experimental data is obtained with the cc-pVTZ basis set. In
general a quasi-systematic overestimation of the quadrupolar
coupling constant CQ is found, as compared to the
experimental values. This might be due to vibrational motions
of the X–D groups which cause a partial reduction of the
experimental value in the observed temperature region.
This joint theoretical/experimental strategy seems in
particular very promising for elucidating the coordinationmode
of deuterium with metal atoms as well as the origin (Ru–D vs.D
in ligands) of all the features observed on experimental spectra.
As confirmed by DFT calculations, experimental quadrupolar
splitting values are different for terminal-deuterium atoms
and Z2-dideuterium. However one has to pay attention
to temperature effects which may significantly modify
experimental quadrupolar splittings. This is the case in
dideuterium complexes, due to the rotational motion of D2.
This rotation can be frozen only for few compounds with
relatively large D–D distances and correspondingly high
rotational barriers. In all other cases the problem has to be
solved by calculating the motionally averaged tensor and
comparing this value to the experimental tensors, which is
feasible by standard solid-state NMR techniques. The main
discrepancy between DFT and 2H MAS NMR data lies in the
calculation of ZQ for D2 ligands, since it is experimentally found
to be symmetric whereas the theoretical value is close to 1. This
disagreement could mean that DFT is ill-suited for the calcula-
tion of ZQ in the specific case D2 ligands, owing to a bad
description of the electron density at the nuclei. Nevertheless, if
we consider that DFT is right, the difference between the NMR
parameters at the rigid limit and the parameters measured
below 10 K could mean that there is a second faster motional
process in addition to the experimentally observed tunneling,
which does a preaveraging of the calculated asymmetric tensor
to the relatively symmetric tensor which is observed in the low-
temperature (o10 K) solid-state NMR spectra. It deserves
further theoretical work, using advanced molecular dynamics
methods.
In conclusion, the combination of our experimental study
and our quantum chemical calculations opens the road for a
structural interpretation of deuterium quadrupolar coupling
constants in transition metal nanoparticles. The next step on
this road is the experimental and theoretical study of the
coordination of hydrides in more complex species, such as
oligonuclear complexes or organometallic clusters. Such
compounds exhibit a larger variety of coordination modes
(terminal, edge-bridging, face-capping) which can also be
encountered at the surface of nanoparticles. This will be the
topic of a forthcoming paper.
Table 5 CQ (in kHz), DnQ (in kHz) and ZQ values for
Ru(D)2(D2)2(PCy3)2. Experimental values were obtained at 60 K.
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All bond lengths (R) are given in A˚
Parameters
Theoretical calculations Experimental
R CQ DnQ ZQ DnQ ZQ
C–D 1.096 186 140 0.02 122 0.04
Ru–D 1.604 93 70 0.03 66 0.10
Ru–D 1.612 91 68 0.02 66 0.10
Ru–(D2)
A 1.751 81 60 0.86 42 0.01
1.717 76 57 0.99 42 0.01
Ru–(D2)
B 1.728 80 60 0.94 42 0.01
1.755 83 62 0.85 42 0.01
RDD 0.877/0.882
RRu–D2 1.685/1.677
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( 8 e´lectrons qui proviennent des ruthe´niums ) ∗ 4 = 32
( 1 e´lectron qui provient des hydroge`nes ) ∗ 4 = 4
( 2 e´lectrons qui proviennent des ligands L ) ∗ 12 = 24
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                     +
  oil               +             red solution
Os3(CO)12 red solid
At  least nine
uncharacteristic
products
Os3(CO)12
Yellow solution
HOs3(CO)10 OH
      (orange)
      (~1,6%)
HOs3(CO)10 OCH3
(orange-yellow)
(~0,2%)
Os3(CO)10 (OCH3)2
         (yellow)
          (~5%)
Uncharacterised anions
HOs3(CO)10, HOs3(CO)10 OH,
H2Os4(CO)13,H4Os4(CO)12
        (in small yields)
H+
CO CO-xylene CO-MeOH
benzene
CO, 270 atm
i, ii, iii
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6.2 RMN du proton
Notons que l'optimisation de structures possédant des hydrogènes pontants converge systématique-
ment vers une de ces trois structures. D'un point de vue énergétique, c'est la forme avec les atomes
d'hydrogène sur des faces diamétralement opposées (13'a) qui est la plus stable, de 5.2 kcal.mol−1
par rapport à 13'b et de 4.0 kcal.mol−1 par rapport à 13'c. Nous obtenons pour 13'a un déplacement
chimique de -18 ppm, valeur sousestimée de 15% par rapport au déplacement chimique expérimental
qui lui est égal à -15.6 ppm. Il faut remarquer que cette valeur reste proche des valeurs obtenues pour
[Ru4H4(C6H6)4]2+ pour lequel les atomes d'hydrogène étaient aussi adsorbés sur des faces.
Le deuxième agrégat avec une géométrie octaédrique que nous avons étudié, [Ru6H(CO)18]−, pré-
sente l'intérêt que l'atome d'hydrogène occupe un site interstitiel octaédrique. Expérimentalement les
valeurs obtenues pour le déplacement chimique sont +16.4 ppm en RMN en solution et +17.0 ppm
en RMN du solide. Nous trouvons par le calcul une valeur de +18.1 ppm, en très bon accord avec
ces résultats expérimentaux. La particularité de ce composé est justement cette valeur positive pour
le déplacement chimique alors que jusqu'à présent elle avait été toujours négative. Si nous réalisons
une analyse NCS [229] pour cet agrégat, analyse qui permet de décomposer les tenseurs de la constante
d'écran afin d'extraire les contributions paramagnétiques et diamagnétiques, nous constatons que le fait
d'avoir une valeur positive pour le déplacement chimique provient de la composante diamagnétique qui
est négative tandis que la composante paramagnétique reste positive comme pour les autres agrégats.
Fig. 6.13: Sens des variations de déplacement étudiées : schéma à gauche variation selon z et schéma à
droite variation selon xy.
Nous avons regardé l'effet de la variation de la position de l'hydrogène par rapport à la position
idéale sur le déplacement chimique ainsi que sur les différentes contributions paramagnétiques et dia-
magnétiques. Pour cela nous avons fait varier cette position selon deux directions (fig. 6.13) : z pour le
rapprocher d'un des atomes de ruthénium et xy pour le rapprocher d'une position de type µ. Comme
nous pouvons le voir dans le tableau 6.3, la variation selon z n'aura pas d'effet significatif sur le dépla-
cement chimique tandis que pour la variation selon xy, la différence est plus grande mais le déplacement
chimique reste quand même positif. Dans les deux cas, la décomposition NCS nous donnera des ré-
sultats similaires, les composantes diamagnétique et paramagnétique demeurant toujours négative et
positive.
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 3 (μ−H)4Ru4(CO)12 33 &13 &1 &1 &1
 3 (μ−H)4Ru4(CO)12 3 &1 &- &' &4
 3 (μ−H)4Ru4(CO)12 5- &3 &1 &1 &1
enantio 3 (μ−H)4Ru4(CO)12 5- &4 & 3 &3 &35
' ' (μ3 −H)4Ru4(CO)12 44 &5' &5' &5' &5'
- 3 (μ−H)3(μ3 −H)Ru4(CO)12 53 &  &1 & &5-
5 3 (η −H)(μ−H)3Ru4(CO)12 4 &  &5 &3 & 5
5enantio 3 (η −H)(μ−H)3Ru4(CO)12 4 &' &5 &3 & 5
5 3 (η −H)(μ−H)3Ru4(CO)12 1' &13 & 3 &11 &-1
  3 (η −H)4Ru4(CO)12 5-- &5 &'3 &3 &'3
 3 (μ−H)3(μ4 −H)Ru4(CO)12 ' &34 &1 &1 &5
3 3 (η −H)2(μ−H)2Ru4(CO)12 4- &1 &1 &5 &4
 3 (η2 −H2)(μ−H)2Ru4(CO)12 54 &14 &1  &- &51
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3CO
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déplacement chimique / ppm
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déplacement chimique / ppm
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μ μ3Hydrogènes sur les arêtes (   ) Hydrogènes sur les faces (    )
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Abstract
It is now well-known that 2H solid-state NMR techniques can
bring a better understanding of the interaction of deuterium with
metal atoms in organometallic mononuclear complexes, clusters or
nanoparticles. In that context, we have recently obtained exper-
imental quadrupolar coupling constants and asymmetry parame-
ters characteristic of deuterium atoms involved in various bond-
ing situations in ruthenium clusters (namely D4Ru4(CO)12 and
D2Ru6(CO)18), which are model compounds for edge-bridging
(μ-H) and face-capping (μ3-H) coordination types on ruthenium
surfaces. The present work is in line with density functional theory
(DFT) calculations of the electric field gradient (EFG) tensors in
deuterated organometallic ruthenium complexes. The comparison
of quadrupolar coupling constants shows an excellent agreement
between calculated and observed values. This confirms that DFT
is a method of choice for the analysis of deuterium NMR spectra.
Such calculations are achieved on a large number of ruthenium
clusters in order to obtain quadrupolar coupling constants char-
acteristic for a given coordination type: terminal-D, η2-D2, μ-D,
μ3-D as well as μ4-D and μ6-D ( i.e. interstitial deuterides). Given
the dependence of such NMR parameters on local symmetry only,
these results are expected to remain valid for large assemblies of
ruthenium atoms, such as organometallic ruthenium nanoparti-
cles.
1 Introduction
Metal nanoparticles (NPs) elicit a growing interest due
to their ability to present new properties, intermediate
between clusters and bulk materials [1–5]. The reactiv-
ity of metal NPs is still an open question, particularly
the nature of intermediate surface species. Solid-state
NMR spectroscopy has recently proven to be successful
for elucidating the presence of mobile hydrides on the
surface of ruthenium NPs [6], whereas the combination
of this method with desorption techniques has given
insights on the reactivity of these NPs. However, the
coordination of ligands on the surface is not clearly iden-
tified. The coordination of hydrogen to metal nanoparti-
cles synthesized by organometallic techniques, however,
is especially important. These surface hydrides seem
to be involved in hydrogenation processes, insofar as
they can react with other compounds coordinated at
the surface of the NPs [7]. While hydrogen binding to a
clean metal surface is now well understood both by ex-
periments and periodic density functional theory (DFT)
calculations [8–10], the NP case needs further investiga-
tions. In particular, co-ligands adsorbed on the surface
as well as defects can play a role on the coordination
mode, the mobility and the properties of surfacic and
subsurfacic H atoms. All possible hydrides adsorption
sites on a clean Ru(001) surface are summarized in fig.
1. DFT calculations achieved for coadsorbed H and
CO species have shown that H is strongly affected by
co-adsorption [8]. While FCC adsoption sites are ther-
modynamically preferred by H atoms, the co-existence
of H and CO involves that H is forced to populate sites
close to CO at sufficiently high coverage. Consider-
ing in addition that the energy difference between FCC
and HCP surfacic adsorption sites on clean Ru(0 0 1)
surfaces is less than 3 kcal/mol [10,11], the study of all
possible adsorption sites is necessary.
We have recently analyzed the role of ligands (L)
on the electronic, spectroscopic (IR and 1H NMR)
and structural properties of several Ru4(H)mLn and
[Ru6(H)mCO18]
(2−m)− clusters [12]. Several structures
compete in a relatively narrow energy range for
Ru4(H)4Ln, but the most stable one depends on the
ligand type. Although in all these low-energy structures
hydride atoms adopt edge-bridging or face-bridging po-
sitions, it is possible to study terminal positions in ge-
ometries with higher energy as well as subsurfacic hy-
drides in tetrahedral or octahedral sites. The struc-
ture and stability of small clusters can be analyzed via
bonding schemes which lead in particular to Mingos-
Wade rules [13,14]. Since tetrahedral and octahedral
structures belong respectively to the nido and closo
family of clusters, Ru4 and Ru6 clusters obeying the
rule should exhibit 60 and 86 valence electrons. In
addition, we have also considered strongly electron-
1
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deficient Ru4(H)4(CO)9 clusters, in order to roughly
mimick electron-deficient surfaces of NPs. We con-
cluded that 1H NMR is partially a probe of the coor-
dination mode of hydrides. Although μ-H cannot be
easily distinguished from μ3-H or subsurfacic μ4-H due
to similar shieldings, it seems possible to identify sub-
surfacic μ6-H and terminal hydrides which turn out to
be significantly unshielded. Calculation of NMR prop-
erties with standard periodic DFT packages is desirable
in order to bring another point of view. However, such
tools are still not easily available, although one should
quote the existence of the methodology developped by
Pickard and Mauri [15,16]. However, Ru4 and Ru6 can be
considered as elemental building blocks of a Ru(001)
surface, and accurate 1H NMR calculations on these
scale models of NPs have provided an insight into the
relation between hydrides, co-ligands, adsorption sites
and chemical shieldings.
Figure 1: Top view of possible adsorption sites on a
Ru(001) surface. TOP = terminal-H ; B = edge-
bridging H ; FCC = face-capping H above an octahedral
building-block ; HCP = face-capping H above a tetrahe-
dral building-block ; TS = interstitial H in a tetrahedral
site ; TS’ = alternative tetrahedral site for an interstitial
H ; OS = interstitial H in an octahedral site.
In addition to 1H NMR, we have also achieved a
joint experimental and theoretical determination of 2H
solid-state NMR quadrupolar interaction of deuterons in
ruthenium organometallic complexes. The agreement
with experiments turned out to be excellent [17]. This
synergy between experiments and theory seemed in par-
ticular very promising for elucidating the coordination
mode of deuterides with metal atoms as well as the ori-
gin (Ru-D vs. D in ligands) of all the features of experi-
mental spectra. Note also the existence of such theoret-
ical/experimental combination in Ref. [18], although the
agreement between both techniques was not so good,
probably owing to a basis set not large enough. As
confirmed by DFT calculations, quadrupolar coupling
constants (CQ) are somewhat different for terminal-
deuterium atoms and η2-dideuterides [17]. However one
has to pay attention to temperature effects which may
significantly modify experimental quadrupolar splittings,
as it is the case with the rotational motion of D2 lig-
ands [19].
In the present paper, we propose to calculate
quadrupolar splittings of deuterons involved in all the
organometallic ruthenium clusters considered in Ref. 12.
Such compounds exhibit a larger variety of coordination
modes (terminal, edge-bridging, face-capping) which
can also be encountered at the surface of nanopar-
ticles. Experimental 2H solid-state NMR techniques
were recently applied to small ruthenium clusters in
order to investigate quadrupolar coupling constants
for typical single, two-fold and three-fold coordination
schemes. [19,20] [19,20] Preliminary DFT results have been
provided as well in order to confirm the interpretation
of the experimental results. [21]
2 Methodological details
In nuclei like deuterium the nuclear quadrupole moment
interact with the electric field gradient (EFG) arisen
at these sites. This interaction is described by the
quadrupolar coupling constant CQ and the asymmetry
parameter ηQ . In principle these parameters can be ob-
tained by quantum mechanical DFT calculations [22–25]
which allow the determination of the electric field ten-
sor V . A given matrix element is calculated by the
formula [24]:
V ij(r) =
∂Ei(r)
∂rj
− 1
3
δij
∑
k
∂Ek(r)
∂rk
(1)
where i , j , k stands for x , y , z and Ek(r) is the kth
component of the electric field at position r.
CQ (eq. 2) and ηQ (eq. 3) are calculated from the
EFG tensor eigenvalues V11, V22, V33, with the conven-
tion : |V11| ≤ |V22| ≤ |V33| (i.e. V33 is the principal
component):
CQ =
eQV33
h
(2)
ηQ =
|V22| − |V11|
|V33| (3)
where Q is the nuclear quadrupole moment (Q =
0.00286 barns for 2H). The conversion from atomic
units to kHz is:
CQ (kHz) = 672× V33(u.a.) (4)
CQ are related to the experimental quadrupolar split-
ting value ΔνQ [26], which, at low temperatures where
2
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no motional processes on the NMR time scale occur, is
directly related to the EFG eigenvalue V33 by
ΔνQ =
3
4
CQ =
3
4
eQ
h
V33 (5)
In the case of deuterium atoms, equation 5 simply
writes:
ΔνQ =
3
4
× 672× V33 = 504× V33 (6)
All DFT calculations were performed with Gaus-
sian03 [27]. The cluster geometries considered in the
present work are taken from a previous study [12]. Ge-
ometries had been fully optimized in gas phase without
symmetry constraints, employing the PBE0 [28] func-
tional. Calculations of EFG tensors were done using the
B3PW91 functional [29–35] and the Stuttgart effective
core potential for Ru [36], augmented with a polariza-
tion function (ζf = 1.235). For the other elements (H,
C, O, and P) Dunning’s correlation consistent basis set
cc-pVTZ [37,38] has been used. We have already proven
on some test cases that quadrupolar coupling constants
calculated on triple-ζ and double-ζ basis sets’ geome-
tries differ by less than 2%, owing to the local character
of this property [17]. Due to the large dimension of some
TM complexes we have considered that performing ge-
ometry optimizations and EFG tensor calculations in the
same expensive triple-ζ quality basis set leads no signif-
icant enhancement of the results. Finally, we mention
that the structures labelling is consistent with the one
adopted in Ref. 12.
3 Results
3.1 Tetranuclear ruthenium complexes
3.1.1 Ru4(H)4(CO)12
According to X-ray analysis [39], the geometry of this
cluster consists in a distorted tetrahedral core with
four long Ru-Ru distances (average 2.944 Å) and two
short Ru-Ru distances (average 2.780 Å). The carbonyl
groups are staggered with respect to the metal-metal
edges and the D2d symmetry of this molecule is con-
sistent with edge-bridging hydrides. According to our
calculations [12], this compound preferably adopts a D2d
structure, with edge-bridging hydrogen atoms (1CO).
We have also found a large number of higer energy
structures on the potential energy surface (PES) de-
rived from 1CO. Most of these isomers are shown in fig.
2: a structure with Cs symmetry (2CO), which is local-
ized only 6.3 kcal/mol above 1CO, a Td structure with
four face-bridging hydrides (3CO), a C3v structure with
three edge-bridging hydrides and one μ3-H atom (4CO),
a C1 structure which exhibits three μ-H, one terminal
hydride and an edge-bridging carbonyl ligand (5CO), a
high-energy structure with four terminal hydrides (6CO)
and a low-energy structure with an interstitial hydride
(7CO).
Note that according to MAS-NMR measurements [40],
a H-flipping mechanism about H-occupied Ru-Ru edges
was proposed. But we did not find minima on the PES
corresponding to such nuclear motion (see also Ref. 21).
In addition to our previous study, we have found a struc-
ture (hereafter called 1′CO) very close to 1CO, both in
terms of geometry and energy. This distorted D2d struc-
ture is almost degenerated with 1CO (ΔE 0.2 kcal/mol,
ΔrG
◦ 0.0 kcal/mol). Since such small energy differ-
ence is below the expected accuracy of DFT, identifica-
tion of the most stable isomer is hazardous. Deuterium
atoms in 1CO are out of the Ru3 faces with angles of
36◦ between the Ru3 and the Ru-D-Ru planes, whereas
in 1′CO they tend to get closer to the plane defined
by a triangular Ru3 face, with an angle of 23◦. The
isomerization pathway between 1CO and 2CO, summa-
rized in fig. 3, shows that 1′CO is an intermediate of
this isomerization process. Considering the geometrical
similarity between 1′CO and 1CO, the transition state
between these structures is expected to be extremely
low in energy. It is localized actually 3 kcal/mol above
the two minima. This ΔrG◦ value turns out to be close
to the experimental activation energy found by Hard-
ing et al. [40] (17 kJ/mol, i.e. 4 kcal/mol), based on
liquid state 1H-NMR experiments. These authors have
proposed a flipping mechanism of the bridging hydro-
gen at higher temperatures. The isomerization process
between 1CO and 1′CO could account for the dynamical
process observed in experiments [40], although accord-
ing to DFT calculations, it is not a 2-site H-flip about
Ru-Ru edges. Actually, the imaginary normal mode of
vibration which characterizes TS2 involves an adjust-
ment of the position of deuterides, facilitated by the
partial rotation of Ru(CO)3 fragments. The nature of
minima and transition states on the PES around 1CO
is not in favour of the H-flipping motion postulated by
Harding et al.
Quadrupolar coupling constants CQ and asymmetry
parameters ηQ are given in tab. 1 for deuterated com-
pounds. Preliminary calculations have already been per-
formed on 1CO at the DFT-B3LYP level of calculation,
with an averaged relativistic effective potential on Ru
and triple-zeta quality basis sets on other atoms [21].
These CQ values, although higher than those calculated
at the present level of calculation by 14 kHz, represent
the experimental value at 173K (CQ ≈ 67 kHz) in a
good way. The asymmetry parameters ηQ calculated
at both levels of calculations are in excellent agreement
with the experimental value (η ≈0.67 in all cases). Inci-
dentally, the CQ value calculated in this work (67 kHz)
coincides with experimental data.
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Figure 2: Structures for H4Ru4(CO)12 (after Ref. 12 for clusters 1-7).
Figure 3: Isomerization pathway between 2CO and 1CO.
The symmetry group is given between parenthesis. The
energies are given with respect to the lowest structure
(first line : electronic energy ΔE ; second line : Gibbs
free energy ΔrG◦). The geometry of TS2, not very
different from 1′CO and 1CO, is not shown here.
Terminal-D atoms are all characterized by CQ ≈ 88
kHz, i.e. very close to the values calculated for mononu-
clear ruthenium complexes, excepted Cp∗RuD3PPh3
which is slightly higher by 10 kHz [17]. CQ decreases
upon increasing the coordination of ruthenium atoms,
with ca. 67 kHz for μ-D and only 8-25 kHz for μ3-D
atoms. Edge-bridging atoms in 7CO are characterized
by low values for CQ , in the range [46-51 kHz]. This
lowering seems to be related to the presence of an in-
terstitial deuterium atom, which alters the electronic
structure of Ru-H bonds. A significantly low value for
CQ is also found for one μ-D in 2CO, probably owing to
the shortening of the Ru-Ru bond. The last two species,
namely 10CO and 11CO, exhibit interesting coordination
features. Two edge-bridging hydrides and two H atoms
coordinated to the same ruthenium atom are present
in both compounds, which are minima on the PES. A
predissociated η2 − H2 ligand is present in 11CO (dHH
0.87 Å), whereas the H-H bond length is significantly
elongated in 10CO (1.67 Å). Again, as can be seen in
tab. 1, μ-D atoms have characteristic CQ and ηQ pa-
rameters, although the asymmetry parameter is slightly
higher than in previous clusters. The quadrupolar pa-
rameters found for terminal deuteride atoms in 10CO
are also very close to those previously found for 6CO.
Finally, the values calculated for the η2 − D2 ligand in
11CO are in the upper limit of the characteristic do-
main defined according to calculations performed for
mononuclear ruthenium complexes [17].
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Isomer ΔrG◦ D position CQ ηQ
1CO 0.0 μ 66 0.67
1′CO 0.0 μ 65 0.69
μ 66 0.68
μ 66 0.68
μ 67 0.67
2CO 6.3 μ 70 0.60
μ 54 0.81
μ 71 0.58
μ 68 0.62
3CO 30.0 μ3 8 0.06
4CO 13.0 μ 74 0.55
μ3 25 0.09
5CO 18.9 μ 59 0.11
μ 63 0.69
μ 66 0.64
T 91 0.09
6CO 43.2 T 86 0.03
T(×2) 90 0.05
T 89 0.01
7CO 11.4 μ 51 0.87
μ 46 0.98
μ 46 0.98
μ4 37 0.73
10CO 29.3 T 88 0.04
T 88 0.07
μ 63 0.75
μ 63 0.75
11CO 26.4 η2-D2 82 0.86
83 0.80
μ 61 0.74
μ 61 0.74
Table 1: Comparison of CQ (in kHz) and ηQ for several
isomers of H4Ru4(CO)12. The energies, in kcal/mol, are
given relatively to 1CO (see also Ref. 12). μ4-D refers
to a deuterium subsurfacic atom, whereas T stands for
terminal atoms.
3.1.2 Ru4(H)4(C6H6)4 and [Ru4(H)4(C6H6)4]
2+
[Ru4(H)4(C6H6)4]
2+ (3C6H6,2+) is a nido electron-
deficient cluster containing 58 electrons and face-
capping hydrides. Its structure, slightly distorted with
respect to the 60-electrons Td cluster (3C6H6 , fig. 4a),
was experimentally characterized [41]. Quadrupolar cou-
pling constants have been calculated for both com-
pounds, in order to check if electron deficiency influ-
ence the CQ value. This is not the case, as it is shown
in tab. 2. Similarly to the property calculated for 3CO,
CQ is very small: ≈ 7 kHz for the neutral and ≈ 15
kHz for the cationic clusters. However ηQ , equal to
zero in the highly symmetric case (3C6H6), significantly
increases for the cationic compound, in relation with a
Jahn-Teller effect which rules the geometry of 3C6H6,2+.
While a dependence of CQ on Ru-Ru bond lengths has
been observed for μ-D, this property varies little with
the geometry of the capped face. As a matter of fact,
the Ru-Ru distances are 2.91 Å in 3CO, and only 2.77
Å in 3C6H6 , but Ru-D quadrupolar coupling constants
differ by 1 kHz only. Likewise, the disymmetrization of
the capped Ru3 face (2×2.84 Å and 2.59 Å) in 3C6H6,2+
with respect to 3C6H6 does not involve a large increase
of ΔνQ . The three Ru-(μ3-D) distances could be a rel-
evant index of local disymmetry. They are similar in the
present case, with two values close to 1.84 Å, the last
one being more elongated (1.89 Å). In summary, these
results confirm that quadrupolar coupling constants are
characteristic of the local symmetry, and not dependent
on the ligands coordinated to ruthenium atoms. Finally,
note that C-D quadrupolar coupling constants are still
close to 200 kHz for both compounds.
Figure 4: Structure for (a) H4Ru4(C6H6)12 ; (b)
[H6Ru4(C6H6)12]
2+.
3.1.3 [Ru4(H)6(C6H6)4]
2+
[Ru4(H)6(C6H6)4]
2+ is a nido electron-saturated clus-
ter. It has been experimentally synthesized and char-
acterized [42], with a hydride/Ru ratio greater than 1.
This compound exhibits three edge-bridging hydrides
and three face-capping hydrides (9C6H6,2+, fig. 4b). The
quadrupolar parameters are reported in tab. 2. CQ for
the face-capping deuterides is significantly higher than
previously found for 3CO and 3C6H6,2+ with a value close
to 34 kHz, although it remains below the characteristic
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Ru-D C-D
Form D position CQ ηQ CQ ηQ
3C6H6 μ3 7 0.00 207 0.08
3C6H6,2+ μ3 15 0.61 201 0.07
16 0.60
16 0.59
14 0.68
9C6H6,2+ μ 50 0.95 201 0.06
μ3 34 0.12
Table 2: Comparison of CQ (in kHz) and ηQ for
Ru4(H)4(C6H6)4 and [Ru4(H)4(C6H6)4]2+.
domain of edge-bridging hydrides (46-74 kHz). μ-D are
likewise characterized by a value (50 kHz) close to the
lower bound of the μ domain. Both results can be ex-
plained by geometrical considerations. As a matter of
facts the Ru3 faces on which μ3-D are coordinated are
not equilateral triangles. As a consequence the three
Ru-D distances are not identical (1.73 Å and 2×1.92
Å). This distorsion is significantly more important than
for 3C6H6,2+ and may explain the increase of CQ . In
summary, the Ru3D fragment does not have a perfect
threefold rotational symmetry. On the contrary, edge
bridging deuterides are symmetrically bound to ruthe-
nium atoms. The small value calculated for CQ seems
rather related to an unusually short Ru-Ru bond length,
2.88 Å, whereas it is 2.98 Å in 1CO and 3.03 Å in 4CO.
C-D are again characterized by ΔνQ ca. 150 kHz.
3.2 Hexanuclear ruthenium complexes
Experimental 2H solid-state NMR MAS measurements
performed on the (H)2Ru6(CO)18 cluster as well as pre-
liminary DFT calculations at the B3LYP level of the-
ory on the (H)2Ru6(CO)18 and [Ru6(CO)18H]− clusters
have been reported in a previous article [21].
(a) 13’ (b) 13
Figure 5: Structure for (a) Ru6(CO)18(H)2 ; (b)
[Ru6(CO)18H]
−.
Ru6(CO)18H2 Two μ3-H are localized on opposite faces
of the Ru6 octahedron [43], which can be considered as
a prototype of hydrides adsorbed on a FCC site (13’,
fig. 5a). This compound belongs to the D3d symmetry
group, which means that the H atoms are located on the
threefold symmetry axis, and that they cap the equilat-
eral Ru3-triangles. The Ru-H distances in this complex
are slightly higher than in 3CO (1.89 Å vs. 1.87 Å) and
the Ru-Ru distances for the two Ru3 capped faces are
also larger than previously found in 3CO (2.96 Å vs. 2.91
Å). Although CQ remains small (25 kHz), it is found to
be higher than calculated for 3CO, 3C6H6 and 3C6H6,2+.
It is similar to the value calculated for 9C6H6,2+, but
probably for different reason, since the local three-fold
symmetry in 13’ is not observed in 9C6H6,2+. 25 kHz
could be a typical value for μ3-D adsorbed on FCC sites,
that is somewhat different from μ3-D adsorbed on HCP
sites.
Concerning asymmetry parameters, very small values
(η≤ 0.06) are found in the present case, owing to the
local three-fold symmetry. However, we have checked
on a totally unsymmetric isomer which possesses car-
bonyl groups randomly oriented that ηQ is very depen-
dent upon geometry distorsions. In that isomer, which
is only few kcal/mol above the symmetric geometry, μ3-
D are still characterized by quadrupolar coupling con-
stants close to 27 kHz, but the asymmetry parameter
now culminates to 0.6.
[Ru6(CO)18H]
− This compound (13, fig. 6b), first
mentioned in 1980, has been characterized by X-ray
analysis as well as by 1H NMR, variable-temperature 13C
NMR and infrared techniques [44]. In addition, its pres-
ence has recently been observed as a side product in a
H2Ru6(CO)18 sample [21]. NMR data are consistent with
an interstitial hydride atom which is the prototype of a H
ligand inside an octahedral site (OS site in fig.s 1). It is
interesting to notice that 1H NMR may allow to identify
subsurfacic OS hydrides. As a matter of fact, the exper-
imental chemical shift found for [Ru6(CO)18H]− is posi-
tive (+16.4 ppm) and not representative of the so-called
“hydridic shift” of H atoms coordinated to metals [45].
The calculated values δ≈+15.1 ppm [46] and δ≈+16.0
ppm [21] respectively according to the level of calcula-
tion are in good agreement with experiments. How-
ever, according to the review achieved by Eguchi and
Heaton [47], the values of δ(H) for OS hydrides may
cover an enormous range (+16.4 to -26.8 ppm). These
authors state that “the low field resonance results when
H is at the center of a regular metal octahedron and with
increasing displacement of H from the centre of the oc-
tahedron and reduction in symmetry of the octahedron
there is a progressive shift to high field”. According to
our calculations, H is located at the center of the octa-
hedron. The quadrupolar coupling constant CQ is very
6
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weak (2 kHz) due to the octahedral Ru6 environment of
the H which yield an EFG close to zero at the H posi-
tion. CQ is weakly sensitive to a reduction in symmetry:
the quadrupolar coupling constant increases by 31 kHz
if H lies closer to an edge by 0.2 Å with respect to its
optimal position, whereas it increases only by 17 kHz
when H is moved 0.2 Å closer to a vertex.
3.3 An example of electron-deficient
cluster : (H)2Ru4(CO)9
This is a prototype of 52e electron-deficient cluster,
which exhibits one μ-H which has roughly the same
neighborhood than any hydride in (H)4Ru4(CO)12 and
one μ3−H which is alone above a face since three car-
bonyl groups have been suppressed (fig. 6a). This spe-
cific electron-counting has been considered in Ref. 12
according to electron-deficiency at the surface of ruthe-
nium NPs. According to our 1H NMR calculations, such
surfacic hydrides are expected to be strongly unshielded.
However, there is no significant effect on quadrupolar
coupling constants. CQ for μ3-D is similar to the previ-
ous values found for μ3 deuterides (17 kHz), thus indi-
cating that whereas the chemical shift is very sensitive
to electron-count, owing to obvious screening effects,
quadrupolar coupling constant rather depends on local
symmetry only.
12
Figure 6: Structure for (μ2 − H)(μ3 − H)Ru4(CO)9.
3.4 Other ruthenium clusters
In addition to carbonyl and η6-C6H6 clusters, quadrupo-
lar parameters have been calculated for all the other
compounds considered in Ref. 12, i.e. tetrahedral clus-
ters with Lewis base ligands PH3, PF3 and AsH3. All
the CQ values calculated in this study are reported in
fig. 7, together with the values previously calculated
for mononuclear ruthenium complexes [17]. CQ values
are gathered in a column according to a given coordi-
nation mode, clearly showing domains which in general
do not overlap. However, with a domain spreading from
μ-D to terminal-D, dideuterides are less easy to identify.
Terminal-D and μ-D domains weakly overlap, owing to
1PF3 and 2PF3 which exhibit Ru4(H)4 moieties signifi-
cantly distorted away from D2d and Cs symmetry. μ3-D
are characterized by low values of quadrupolar coupling
constants, which range from 7 kHz to ca. 40 kHz. In-
terstitial deuterides in tetrahedral (μ4 or TS) and oc-
tahedral (μ6 or OS) sites have been considered. TS
deuterides cannot be distinguished from μ3-D, with a
value also close to the lower bound of the μ domain.
The OS deuteride in 13′ coincides with the inversion
center of this D3d structure and is characterized by an
extremely low value for ΔνQ .
3.5 Other metal atoms
This section aims at evaluating if the domain charac-
teristic of a given type of coordination remain for other
metal atoms. Recently, deuterium variable-temperature
T1 measurements have been performed for a series of
rhenium carbonyl clusters containing doubly and triply
bridging deuterides. We have more particularly con-
sidered Re(μ3 − D)4(CO)12, a 56e cluster, for which
quadrupolar coupling constants were found to be 21.8
kHz. Our calculations agree well with these experimen-
tal data, with CQ 17 kHz. As expected for a 3-fold
coordination type, ηQ is small (0.04± 0.01). Although
slightly higher than in 3C6H6,2+ or 3CO, CQ remains
in the μ3 domain. Calculations have also been per-
formed for the isoelectronic Tc(μ3 − D)4(CO)12 clus-
ter. Quadrupolar parameters are almost insensitive to
the metal atom, with CQ 18 kHz and ηQ 0.03 ± 0.01.
Finally, two 60e cluster have also been considered,
namely Fe(μ− D)4(CO)12 and Os(μ− D)4(CO)12. The
quadrupolar parameters, calculated to be CQ 67 kHz for
both compounds and ηQ 0.68 and 0.74 respectively, are
almost identical to those calculated for 1CO. This seems
to indicate again that quadrupolar coupling constants
do not depend on the metal. We shall consider again
this assumption in the next section.
4 Discussion and conclusion
We shall now try to understand the origin of the scat-
tering of CQ values in the μ and μ3 domains observed in
fig. 7. In both cases, we have considered the possible in-
fluence of various geometry parameters. Edge-bridging
deuterium atoms usually form an isosceles triangle with
the Ru-Ru side, i.e. they are localized in the symmetry
plane of the tetrahedral unit which is orthogonal to the
edge. Two peculiar positions can be identified. The first
one is localized in the local C2 axis of the tetrahedral
core (such as in 1CO) the second one coplanar with one
Ru3 face (such as in 1PH3). We have carefully checked
that the distortion of the local C2 symmetry upon going
from the ideal μ position to the coplanar position can-
not account for the scattering of CQ values observed in
the range [47-87 kHz]. With the noticeable exception of
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Figure 7: CQ values calculated in this work for ruthenium complexes.
the interstitial-H-containing isomer 7CO, it seems more
related to the Ru-Ru bond length of the capped edge,
as can be seen in fig. 8a. Concerning μ3-D, we have
stated in previous sections that ΔνQ may be related to
the deviation of D with respect to three-fold rotation
symmetry. Such situation is involved by a distortion of
the capped face as well as steric crowding of ligands
which primarily act on the position of D above the face.
We propose to evaluate this deviation by calculating for
each μ3-D encountered in all compounds the standard
deviation (σN) of the three Ru-H bond lengths. CQ is
plotted as a function of σN in fig. 8b, thus showing a
convincing linear correlation. The more noticeable ex-
ception is observed for 13’, which is the only case of
μ3-D adsorbed on a FCC site.
In summary, according to DFT calculations, CQ in
the range of (i) 85-100 kHz can be assigned to Ru-
(D). This is consistent with the experimental data, as
already shown in a previous article [17]. (ii) 45-85 kHz
can be assigned to Ru-(μ-D), according to the Ru-Ru
bond length. This is in good agreement with 2H MAS
NMR data obtained for (D)4Ru4(CO)12 [21]. (iii) ΔνQ
values close to 40 kHz can be assigned to Ru-(μ4-D),
i.e. subsurfacic deuterium atoms, albeit there is no ex-
perimental evidence. (iv) 5-40 kHz can be assigned to
Ru-(μ3-D), in agreement with the quadrupolar coupling
constants obtained for (D)2Ru6(CO)18 [21] and (v) [0-5]
kHz can be assigned to interstitial Ru-(μ6-D). Although
it has not been experimentally observed in the present
case, one should note that it is very well possible to ob-
serve such deuterons by 2H-NMR. The important fact is
that their quadrupolar interaction is close to zero, which
is very uncommon in the solid state. Thus these values
are a very clear fingerprint of interstitial deuterons ;
[55-75] kHz can be assigned to Ru-(η2−D2), according
to the strength of the metal → σ∗(H2) back-donation.
XXX
It was recently shown that DFT calculations of chem-
ical shieldings are very accurate [12,46]. 2H NMR, to-
gether with DFT calculations of EFG tensors, is also a
powerful approach for elucidating the coordination of H
with metal atoms (see also Refs. 17 and 21). These
combined theoretical/experimental studies should be
considered with interest for a safe assignation of the
experimental features of diamagnetic organometallic
compounds, such as organometallic ruthenium com-
plexes [48], clusters [21] or NPs [6,7].
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Where does hydrogen adsorb on Ru nanoparticles ?
A powerful joined 2H MAS-NMR / DFT approach
Lionel A. Truflandier,[a] Iker Del Rosal,[b] Bruno Chaudret,[c] Romuald Poteau[b] and Iann C. Gerber∗[b]
September 9, 2009
Several studies have shown that 2H NMR, among many
others techniques, is a versatile tool for the study of hydro-
gen coordination modes in transition metal complexes [1]
or clusters.[2] Thanks to 1H gas phase and 2H solid-state
MAS NMR spectroscopy, the coexistence of ancillary or-
ganic ligands, with mobile and reactive hydride ligands
coordinated to ruthenium nanoparticles (NPs) has been
observed.[3] Similar results were also found in the case
of Ru NPs embedded in the cavities of molecular-organic
frameworks (MOF).[4] However, secure assignment of the
experimental informations is hardly straightforward since
few reliable reference data are available for different bond-
ing situations and chemical environments. As a matter
of fact, solid-state NMR spectra of molecular compounds
with inequivalent deuterons generally consist in a complex
superposition of subspectra with different shapes, which
depend on the motion of the corresponding deuterons.[5]
Here, comes the need of systematic theoretical studies, for
a better interpretation of NMR spectra.
Recently, some of the authors have proposed the foun-
dation stone of this work, with molecular density func-
tional theory (DFT) calculations of quadrupole coupling
constants Qcc and asymmetry parameter ηQ, (see Sup-
porting Information for definitions) for deuteron in ruthe-
nium complexes [6] directly comparable with the experi-
mental data.[1g] There is no doubt now that joint theo-
retical/experimental studies are a very powerful approach
to complete the partial understanding of deuteron solid-
state NMR spectra. We propose in this communication to
explore the stability and to estimate quadrupole coupling
parameters of deuterium atoms, on and below the surface
of Ru NPs at low coverage, by means of DFT calculations
on an infinite Ru (0001) slab surface model. Moreover new
quantitative insights into the kinetic behavior of chemi-
cally adsorbed hydrogen atoms are brought with the help
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of diffusion barriers estimations for surfacic hopping and
subsurfacic paths. These investigations should form a first
basis for the assignment of deuteron MAS NMR spectra
of ruthenium NPs.
At a coverage value of 1/4 monolayer (ML), high-
symmetry adsorption sites on the Ru surface, as de-
picted in Figure 1, have been considered, yielding ener-
getic and structural parameters in good agreement with
the litterature.[7] The Fcc site is slightly more stable than
Hcp site while sites with less local symmetry order, On-
top and Bridge namely, lie by 3 and 10 kcal/mol higher re-
spectively. Note that the terminal (On-top) and the 2-fold
(Bridge) site are characterized from the other sites by an
imaginary frequency, which indicates that these states are
saddle points, at this particular low coverage value. The
subsurfacic sites, Ts and Os, are significantly higher in
energy, 24.2 and 8.7 kcal/mol respectively. Consequently
unless coverage increases significantly or co-adsorption
species can reasonably invert energy sign, there is a very
low probability that hydrogens can be found in these 4-
and 6-fold sites at low coverage values.
In the context of NPs, informations about surfacic dif-
fusion processes are of great interest in many aspects such
as the transport of species in catalyzed reactions, for sur-
facic nanostructures growth or even for the accumulation
of subsurfacic/bulk species. In our case, it can serve to
quantify the mobility of hydrides on Ru NPs, as suggested
in Ref. [3]. We have considered two hopping processes
on the surface from stable sites to its first-neighbour and
a subsurfacic path. On the surface, going from one Fcc
site to a neighbouring Hcp site, through a Bridge site,
costs 5.0 kcal/mol, while the reverse process has a diffu-
sion barrier of only 3.3 kcal/mol. This result is in good
agreement with experimental data [9] (4.0 ± 0.5 kcal/mol)
and a recent theoretical estimation.[10] As a consequence,
at low coverage (below 50%) and at reasonably low tem-
perature, the motion of the hydrogen atoms on the clean
surface Ru (0001) can be described by random hops be-
tween nearest-neighbour 3-fold sites, as corroborated by
recent experimental observations.[8, 11] Above this cover-
age value, the evidence of a unique coordination seems not
yet resolved.[7b]
It is then tempting to describe diffusion of hydrogen
atoms lying on Ru NPs surface with the same process,
1
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Figure 1: Left panel : Views of subsurfacic and surfacic adsorption sites with adsorption energies in kcal/mol. Diffusion
barrier energies corresponding to the hopping process are also shown. Right panel : (a) 2H solid state NMR spectra of
Ru NPs stabilized by HDA from Ref. [3]. (b) and (c) Simulations of the resonances using the theoretical quadrupolar
parameters collected in Table 1. The simulated spectrum of the partially mobile Ru-D (in black) has been realized
using experimental parameters Qcc= 66 kHz, ηQ=0.30 (Ref. [3]). (d) Simulation of the ”rigid C-D” component using
Qcc=160 kHz, ηQ= 0.02 (Ref.[3]).
keeping in mind that coverage saturation [11] and ther-
mal effects, added to the co-adsorption of ligands [12] un-
doubtedly influence the activation energy and the hydro-
gen repartition on the Ru surface. Considering diffusion
path through the first layer of Ru atoms, from one Fcc
site to the closest octahedral site (Os), the energy barrier
is 25.8 kcal/mol. It clearly indicates that without the help
of co-adsorbates or significantly higher coverage values, it
is highly unlikely that hydrogen diffuse spontaneously to
subsurface sites or through the bulk and lie in interstitial
site.
This is the picture at low concentration of H atoms ad-
sorbed on pristine ruthenium surfaces. One should pay
attention that metal NPs exhibit curved surfaces with
surface defects, together with hydrogen atoms and co-
adsorbed species. The latter may significantly alter the
energy landscapes of Ru NPs so that the nature of station-
ary points could even be modified, as it is the case with
organometallic clusters.[13] However a complete study of
co-adsorption of H and amine, phosphine or polymer lig-
ands on Ru surfaces is beyond the scope of this communi-
cation. Nevertheless, we believe that all stationary points
obtained in this work constitute the starting point for the
calculation of quadrupole parameters of hydrides at the
surface of pristine Ru NPs. This opens the route for using
solid-state NMR spectroscopy and periodic-DFT calcula-
tions for the identification of intermediate surface species.
Experimentally, the 2H NMR spectrum recorded at 200
K of deuterated Ru NPs stabilized by hexadecylamine
(HDA) and measurements of Ru NPs embedded in a MOF
performed between 23 K and 200 K, consists mainly in the
sum of two subspectra.[3, 4] The narrower signal exhibits
a Qcc varying between 63 to 80 kHz with an asymmetry
parameter ηQ around 0.3, whereas the parameters of the
largest signal are Qcc 160 kHz (173- 187 kHz in Ru@MOF)
and ηQ 0.02. While the former was attributed to par-
tially mobile D atoms bound to the ruthenium surface, the
broadest signal, characteristic of rigid C-D groups, come
from deuterium atoms involved in the aliphatic chains of
HDA and BDC linkers of the MOF (an example of cal-
culations of EFGs for rigid C-D groups is provided in the
electronic supplementary information). The experimental
2
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Figure 2: Adsorption energies in eV per hydrogen atom, at various coverage values on Ru (0001) surface with the
most stable occupied sites configuration. Above 1 ML, On-top site occupation is favored, compared to 3-fold site.
outcomes shed light on the dynamical behaviour of hy-
drides at the surface of NPs, clearly different in Ru@MOF
and Ru/HDA NPs. Now if one wants more insights of the
local environment of adsorbed H atoms, DFT calculations
of Electric Fields Gradients (EFGs) can be a valuable tool,
especially since a direct link between the quadrupole pa-
rameters and the type of coordination of the hydrides can
be established.
The calculated quadrupole parameters Qcc and ηQ for
deuterium atoms adsorbed on pristine Ru (0001) surface
at different coordination sites with a coverage of 1/4 ML
are reported in Table 1. The most stable sites Fcc and
Hcp are characterized by low quadrupole coupling con-
stants (ca. 10 kHz) and asymmetry parameters lower than
0.15. Interstitial deuterium atoms, adsorbed at Os or Ts
sites, should also be observed with low Qcc values (∼15
kHz and ∼35 kHz respectively). One should pay atten-
tion that the asymmetry parameter cancels in both cases
due to obvious symmetry reasons. It appears that, as ex-
pected, adsorption sites with high-symmetry order give
low values of Qcc. From these calculations, we can assess
that Qcc=45 kHz and a large asymmetry parameter ηQ
are typical for edge-bridging deuterium atoms, while for
the On-top position a higher value of 74 kHz is obtained.
The Qcc calculated for 2 and 3-fold D atoms are in
line with experimental values measured for rhenium clus-
ters.[2c] Qcc, for bridging D atoms, span a range between
43 kHz and 85 kHz, the former being observed for electron-
ically unsaturated species. It is reasonable to consider Ru
NPs or surfaces with low coverage as electronically unsat-
urated [13], so that the theoretical value of 45 kHz for Qcc
for bridging D can directly be compared to experiments
on mononuclear Rh clusters. 3-fold deuterons in rhenium
clusters have lowest quadrupole coupling value (22 kHz),
in close correspondence with the values calculated for Hcp
and Fcc deuterium atoms on Ru (0001) slab. Besides, deu-
terium atoms, in terminal position, exhibit a larger Qcc
value, as in Ru complexes.[6]
In the case of an intermediate exchange regime (in the
order of the ms) of the D atoms on the NP, we know
that the experimental 2H NMR signal depicted in Fig-
ure 1(a) is an average powder pattern, with a shape char-
acteristic of the time scale, geometry and amplitude of the
atoms motions, which are present in the signal through
3
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Qcc ηQ
Fcc 8.1 0.14
Hcp 13.6 0.12
Bridge 45.0 0.72
On-top 73.6 0.00
Os 14.6 0.00
Ts 34.5 0.00
Table 1: Quadrupole coupling constants (Qcc) in kHz and
asymmetry parameter ηQ for hydrogen adsorbed with a
coverage of 1/4 ML.
the summation of the shielding, dipolar and quadrupo-
lar interactions and their respective anisotropies. For-
tunately, in the specific case of D, the relaxation phe-
nomenum is governed almost exclusively by the quadrupo-
lar interaction.[14] Nevertheless, the deconvolution of the
experimental spectra proposed in Ref. [3] should be an-
alyzed with care. Paying attention to dynamical effects,
our theoretical ”static-quadrupolar-fingerprint” of the D
atoms coordination modes, combined with energetic con-
siderations, allows us to interpret the 2H solid state NMR
spectra recorded at 200K. The signal shape could be de-
convoluted and assigned to the three principal bonding
modes of D on Ru NPs: (i) the rigid C-D with Qcc
around 160 kHz (see Figure 1(d)). (ii) the partially mo-
bile Bridge/On-Top signature with Qcc and ηQ around
45/74 kHz and 0.0/0.7. Figure 1(c) clearly shows that
the Bridge and On-Top models should be considered as
limiting structures. Consequently the experimental sub-
spectrum could result from an averaging of the 1-fold and
2-fold sites subspectra. (iii) the Fcc/Hcp component with
a low value of Qcc around 10 kHz. In the latter case, the
narrow resonance (see Figure 1(b)) is masked by the wider
signals of the first and the second components, preventing
evidence from being present in the whole spectra.
The main drawback of this assignment is the transition
state nature of the 1-fold and 2-fold sites at this particular
low coverage value, which makes their observation a rare
event. However, there are experimental evidences that
1.3 [15] to 2 [16] H per Ru surfacic atoms are adsorbed on
Ru NPs. Using the same (2x2) cell model (see Support-
ing Information), with a coverage value above 1 ML, our
calculations indicate that the most stable structure is at-
tained with the coexistence of four 3-fold and from one to
four On-top sites, see Figure 2 and Supporting Information
for adsorption sites views. Notice that 1-fold site looses
its transition state nature at this high coverage value. As
quadrupole coupling constants suffer less than the asym-
metry parameter from the lateral interaction between D
atoms, we can be confident in this preliminary reconvolu-
tion. This certainly deserves a more complete study with
coadsorption effects and as well as surface defects, which
will be the topic of a forthcoming article. Although an in-
finite surface is a low-level model for organometallic NPs,
such study provides valuable reference data directly trans-
ferable to the NP case. At this step it must be emphasized
that we have checked that Qcc and ηQ vary smoothly as
function of Ru-H and Ru-Ru bond lengths, as well as devi-
ation from 1-, 2- or 3-fold local symmetry. In others words,
Qcc and ηQ are very local probes of the coordination.
In summary, we clearly show the possibility to obtain
quantitatively resolved 2H solid state NMR spectra for Ru
NPs in terms of hydrogen site occupation ratios by a joined
experimental and theoretical approach. In the specific case
of Ru NPs, hydrides adopt a coordination mode different
from the widely accepted one. Solid-state MAS NMR of
quadrupolar nuclei, assisted with theoretical calculations
of EFGs, should be considered as a powerful tool to probe
the surface chemistry of metallic ligands-stabilized NPs.
Methods
DFT geometry optimizations and energetic comparisons,
on the (2×2) cell of the Ru (0001) surface, were car-
ried out using the Vienna Ab initio simulation package
VASP[17], while EFGs were estimated by CASTEP.[18] All
the settings are available from the Supporting Information.
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Quadrupole coupling parameters
The nuclear quadrupole coupling parameters (Qcc, ηQ) provides useful informations about the local symmetry of nuclei
with spin I > 12 , and clearly reflects their type of coordination.[1] This is the case of deuteron nuclei, with I = 1.
The interaction of the quadrupole moment Q with the electric field gradients (EFGs) present at the nucleus, can be
detected and measured by 2H Nuclear Magnetic Resonance (NMR). The largest eigenvalue (V33) of the EFG traceless
second-rank tensor V is related to the quadrupole coupling constant Qcc and Q, by Qcc = eQV33/h, whereas the
asymmetry parameter ηQ = (V22−V11)/V33. Qcc can be obtained either indirectly by 2H-T1 relaxation times measured
by variable-temperature liquid-state NMR spectroscopy [2] or directly by 2H solid-state NMR spectroscopy.[3, 4]
Computational details
Considering VASP calculations, a kinetic energy cutoff of 280 eV was found to be sufficient to achieve a total energy
convergence within several meV, after careful analysis of the k-points sampling issue. A (7×7×1) Monkhorst-Pack [5]
k-points grid was used to sample the reciprocal space combined with a gaussian smearing of 0.2 eV width for partial
occupancies in geometry optimizations, while a (10×10×1) k-points grid and the tetrahedron method of Blo¨chl [6] for
the determination of partial occupancies were used to yield accurate energy differences. The (2x2) cell of the Ru (0001)
was modeled by a slab of 6 layers separated to its repeated images in the z direction by a vacuum of 13.2 A˚ for a total
height cell of 24 A˚. Number of layers, vacuum height were tested and proven to be sufficient to model accurately the
surface at a reasonable computational cost. The unrelaxed slab was created from an optimized bulk calculation of the
hcp structure with an ideal c/a value of 1.63 and a lattice parameter of 2.70 A˚ in good agreement with experimental
values.[7] Hydrogen atoms were adsorbed at a concentration of 25% on one side of the slab, where only the 3 upper
Ru-layers were allowed to relax during the optimization process. All the unconstrained atoms were free to move until
forces on any direction were less than 0.02 eV/A˚. Diffusion barriers were estimated by the climbing image nudge elastic
band (CI-NEB) method [8], with a force tolerance of 0.02 eV/A˚ and five intermediate geometries for the transition state
search. EFG calculations were performed on top of optimized VASP geometries, with a higher energy cutoff of 600 eV,
a (7×7×1) k-points grid and a width of 0.1 eV for the gaussian smearing. Because the experimental data considered in
this work come from solid state NMR measurements realized on non-paramagnetic systems, and since our calculations
are spin-polarized with an odd number of electrons, we have also investigated diamagnetic charged (+q = +e and
−q = −e) systems. Only quadrupole coupling constants and asymmetry parameters obtained for deficient charged
systems are given in Table I. Indeed, +q and −q charged systems mark out a domain of variation around 3 kHz for
the quadrupole coupling constants whatever the Ru−H coordination modes considered ; spin-polarized results are
always in this range. All these settings were fully tested against recently published results dealing with mononuclear
Ru complexes [9] obtained with Gaussian [10], with an error of less than 3% on the Qcc of deuterons on average.
For instance, in the case of RuH(trans Dhpm)2 molecule adapted from Ruthenium bis(diphenylphosphino)methane
molecule [11], the Qcc characteristic to rigid C-D coordination is 190 kHz in the plane waves calculations, compared
to 193 kHz in the case of localized basis set calculations. Details of the calculations and an exhaustive report of the
results will be found in a forthcoming paper.
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Figure 1: Views of the favored adsorption sites for a coverage value above 1ML: a) 4 Fcc and 1 On-top, b) 4 Fcc and
2 On-top, c) 4 Fcc and 3 On-top and d) 4 Fcc and 4 On-top. Fcc sites are in blue and On-top sites are in green.
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* 0 , 0 0 0 0 05+ 0-
* 0 0 0 0 , 0 055- 0-
0 * , 0 0 0 0 05+ 0+ ,
* , 0 0 0 0 0 05 0+
, 0 * 0 0 0 0 0, 05-
* 0 0 0 0 0 , 0+ 05+
, 0 0 0 0 * 0 ,  0*
Φ = 1.50
* 0  0 0 0 0 0+ 0+,+
* 0  0 0 0 0 0* (a) 0+,+
0 *  0 0 0 0 0  0* *
* 0 , 0 0 , 0 0  0* *
* 0 , 0 0 , 0 0 (a) 0* +
  0 0  0 0 0,* 0*
 0 * 0 0 0 0 0,- 0*55
 0 0 0 0 * 0 5 0, 5
Φ = 1.75
* 0 5 0 0 0 0 0,* 0*+
0 * 5 0 0 0 0 0, 0*5
5 0 * 0 0 0 0 0,- 0*5*
5 0 0 0 0 * 0 0 0-
Φ = 2.00
0 * * 0 0 0 0 0,5+ 0*,
* 0 * 0 0 0 0 0,*, 0*
0 * 0 0 0 * 0 0   05-*
  * 0 0 0 0 0 5 05+
* 0 0 0 0 * 0 0+, 05,
0 0 * 0 * 0 0 * 0*
  0 0 * 0 0  0, 
* * 0 0 0 0 0 , 0,**
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